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This work is concerned with neutron dosimetry. A general 
background for this subject is introduced. The basic job in 
dosimetry is to measure the absorbed dose and dose equivalent.
There are two alternative methods for the evaluation of such 
quantities:
The first method requires knowledge of the differential 
neutron flux density. Conversion factors for fluence-to-absorbed- 
dose and iluence-to-dose~equivalent are used to calculate the two 
quantities. The spectrum of neutrons emitted by a neutron generator 
is determined by a liquid scintillation spectrometer (NE 213) 
incorporated with pulse shape discrimination technique. Threshold, 
detectors are then used to determine the differential neutron 
flux density. The required experimental techniques are developed 
and described in details.
The second method is to find the dose distribution of LET.
The general LET analysis is given and the properties of the famous 
Rossi counter are reviewed. A high sensitivity microdosimeter is 
proposed and constructed. This is a tissue-equivalent multiwire 
proportional counter. The properties of this counter are studied 
in details. There should not be great construction difficulty 
but care must be exercised to reduce spurious pulses and noises.
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Chapter I
Introduction to Neutron Dosimetry
1.1 Introduction
Matter in a radiation field can absorb energy* If this 
matter is a living body, the body snay be damaged. This is simply 
because the interaction of the radiation with tissue may lead to 
chemical reactions which cause biological effects.
An important object of dosimetry is to measure the energy 
imparted by the radiation to the matters at the point of interest. 
This fundamental quantity is described by the concept of absorbed 
dose. According to ICRU report 19, -the absorbed dose (D) is the 
quotient of de by dm where de is the mean energy imparted by 
ionizing radiation to the matter in a volume element, dna is the 
mass of the matter in that volume elesient:
D dedm ( 1- 1 )
The specific unit of absorbed dose is rad. One rad is equal to 
100 ergs/gm. The mass dm must not be very small because of large 
statistical fluctuation (Rossi 1968， P k k). A typical size for 
taking the average is about 1 gm (Auxier et al. 1968， P286).
Neutron dosimetry is concerned with such measurement for 
neutron fields. It is related to radiology, radiation protection, 
radiation theraphy and radiobiology research.
1
1.2 Interaction of Neutrons with Tissue
1.2«i Nuclear Reactions
Tissue is basically composed of hydrogen, oxygen, carbon 
and nitrogen (see Appendix A ) • Neutrons may interact with such 
elements in one or snore of the following ways:
⑴ elastic scattering (e.gc
(ii) inelastic scattering (e.g. 12C(nsn1Y)12C),
(iii) nonelastic scattering (e.g. 1^0(n9a)1^C),
and (iv) being captured (e«g« 丫)2H)*
The interaction probabilities depend on the neutron energy and 
the target nuclide.
- LFor neutrons in energies between 10 Mev and 10 Mev, the
most important contribution to the absorbed dose is the elastic 
scattering with hydrogen atoms* At energies greater than 5 Mev 
nonelastic scattering processes become significant, Inelastic 
scatterings begin at neutron energies of about 2.5 Mev. At very 
low neutron energy, capture processes are important. When the 
neutron energy is greater than about 100 Mev, spallation reactions 
occur frequently.
For detailed considerations, the review article of Auxier 
et al. (1968) may be referred.
* The notation A(B，C)D means the following collision process: 
A +• B —- > C + D*
Spallation is the process by which a nucleus is fragmented.
1.2.2 Kerma
The nuclear interactions of neutrons with tissue result in 
many charged particles (e,g. p, a ， e , recoil ions etc). The 
distribution of such secondary particles produced at the point 
of interest in unit mass is called the initial spectrum of secondary 
particles (or differential secondary particle spectrum), N^ .( T)«
Nj(T)dT is the fraction of the spectrum with particle energies 
between T and T + dT• N T )  was calculated for 2-Mev neutrons by 
Caswell and Coyne (1973)•
The Kinetic Energy Released per unit Mass (abbreviated to 
the word f,kermaH and symbol nKM) is then equal to 
Tmax
K = f  TN：[(T)dT (1-2)
o
賣here T阳 is the maximum value of T of any secondary particle.
For a spectrum of neutron energies, the kerma is also given by
Smax r
K = f F(E)dEEniEeij(E)ai^(E) (1-3)
Emin 1 lj 3 3
where F(E) is the differential neutron flux per unit energy 
interval (i•e• F(E)dE is the absolute number of neutrons with
energies between E and E + dE per unit area for monodirectional 
neutrons), is the number of nuclei of the i-th element per gm,
 ^ is the average amount of energy transferred to the kinetic energy
of charged particles in a collision with cross-section a. ,(E) and ^j
j denotes the type of nuclear reaction (see section 1 ,2.1 ),
Consequently the kerma represents the first collision dose.
3
1,2*3 Absorbed Dose
As the secondary particles may be slowing down the energy 
(i.e. the kerma) of the particle is transferred to the tissue 
through either ionization or excitation (increasing the chemical 
or crystal lattice energy)• Both processes involve Couloiab 
interactions with the atomic electrons of the material (i•e, the 
tissue)• (The energy required is generally of the order of 1 to
10 ev for the outermost electron shell). If we denote the total 
fluence of the charged particles per unit energy interval at the 
point of interest to be N(T), then the absorbed dose at that point 
is (see section 1.2.1 and Attix and Roesch 1968, P34)
T.max r f
D = ./ N(T )S (T )dT (1»4)m o
where Sffl(T/) is the mass stopping power of the absorbing material 
for particle with energy T !.
*
• In this discussion, we neglect the effect of 5 rays (Attix 
and Roesch 19^8, P 3 k)• On the other hand, D is, in general, not 
equal to K in concept or even in value. Conceptually, K is a 
well-defined quantity even in the absence of matter, but the value 
of D depends on the material at the point of interest as well as 
the materials near the point. Also, the primary charged particles 
produced by neutrons do not necessarily lose all their energy in 
the volume element considered (e.g. 5 rays).
* When a secondary electron receives enough energy in a single 
collision of the incident particle to become an ionizing 
particle itself, it is called a S  ray,
k
Under certain condition, D is numerically equal to K.
We shall discuss this condition in the following section.
1.2.^ Charged-Particle Equilibrium
Consider a small volume (Attix and Roesch 19^8? P19) at a 
place in the absorbing material. If each charged particle carrying 
a certain energy out of this volume is replaced by another identical 
charged particle carrying the same energy in, then charged-particle 
equilibrium is said to exist in the volume. In general, if the 
distance from this volume to the nearest boundary of the material 
is greater than the maximum range of all charged particles 
involved, then the charged-particle equilibrium will occur in 
the region (Attix and Roesch 1968， P39).
the charged-partide spectra are equal wherever the charged-particle 
equilibrium exists. This equilibrium, or slowing-down, spectrum 
(or fluence spectrum) of secondary particles was calculated for 
several neutron energies by Edwards and Dennis (1975) and Caswell 
and Coyne (1973). Tables for l^f-Mev and 14.7 Mev-neutrons are 
also given in these references. They show that, in addition to 
recoil protons, a particles and recoil carbon and oxygen ions 
also have significant contributions to the kerma (and thus absorbed 
dose).
to K provided that the particle energy caniiot be converted back 
to the energy of uncharged particles (e.g. through bremsstrahlung)
If the attenuation of neutron field can be neglecteds then
Under charged-particle equilibrium, D is numerically equal
(Attix and Roesch 19^8, P38). Most of the dosimetry works take 
this advantage. This can be proved from equations (1-2) and (l^ k) 
and by means of the relation of initial spectrum and equilibrium 
spectrum (Caswell and Coyne 1973) ：
The procedure for the proof is similar to that used below.
We give here a proof to a theory --- the cavity chamber
theory which aake@ use of charged-particle equilibrium. This
theory will be used in Chapter b*
A cavity chamber is usually composed of a gas cavity
enclosed by a solid wall* Assume that the cavity sise is email
enough so that the charged-particl© spectrum established in the
chamber wall is not influenced by the presence of the cavity and
that the charged particles generated in the-gas are negligible.
Then if the wall is thick enough for charged-particl© equilibrium,
the absorbed dose in the gas (D ) is equal to kerma (K) in thegas
wall# The proof is the following:
Similar to equation (1-4), the absorbed dose in the gas is 
given by
(1-5)
where Ng(T；) is the equilibrium spectruss of charged particles*
(i-6)
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is independent of T
then
max
v s = R J TNI(T)dT
= RK (from equation (1-2))
For a homogeneous chamber (i,e« R = 1 ) %
(1-7)
(1-8)
D = K (1-9)gas
So we can find the kerma in the wall when the absorbed dose of the 
gas can be measured. Furthermore, the equilibrium spectrum will 
be the same in the gas and the wall, and thus equation (1-9) holds 
even in a finite cavity (consider equation (1-5))* This is the 
Fans theorem (Bichsel 1974).
This theorem is useful in ionization chamber experiments 
as well as in proportional counter experiments (Chapter 4).
Care must be exercised because the minimum thickness of the wall 
required to produce charged-particle equilibrium is dependent upon 
neutron energy. The minimum thickness for high-energy neutrons 
may be too thick for lower-energy neutrons so that attenuation 
effects become significant. Optimization may be done but this» 
nevertheless, limits the usable energy range of a dosimeter
7
(defined in section 1*^,2).
In conclusion, the absorbed doses of the gas and the wail 
are equal for a sufficiently thick homogeneous cavity chamber.
1*2.5 Depth-Dose Curve
Consider a tissue phantom irradiated by a neutron field.
The dose is dependent upon the depth because of neutron attenuation 
and built-up effects (Auxier et al. 19^8). The maximum of this 
depth-dose curve is of special interest in radiation protection 
(Table 1.3)• For neutron of energy below 15 Mev, the maximum dose 
always occurs in the first 1 cm of the phantom. Hence if a human 
is irradiated in this medium energy neutron fields, only the 
measurement of the surface dose is necessary.
1.3 Radiation Damage and Protection Standards 
1.3*1 Linear Energy Transfer (L)
r
Another fundamental quantity concerned in neutron dosimetry 
is linear energy transfer. According to IGRU 19, the linear 
energy transfer (L) of charged particles traversing a distance of 
dl in a medium is the quotient of dT by d l where dT is the energy 
loss due to collision provided that the energy transfer is less 
than a certain value 乙 ：
that of stopping power (S). The former refers to energy imparted 
within a limited volume, the latter to loss of energy regardless
(1-1 0 )
The concept of linear energy transfer is different from
8
of where this energy is absorbed. But, numerically,
L = S (1-11)
〇〇
Only Lqq is considered in the later part of the thesis and we 
use the symbol L for Lqq.
The applicability of L was discussed recently by Kellerer 
and Chmelevsky (1975).
1.3*2 Quality Factor (Q(L) of Mono-L Charged Particles
The absorption of a given absorbed dose by a living body 
may result in different biological effects which depend upon the 
type and energy of the ionizing radiation. The contributions of 
different radiation must be normalized to a reference standard 
(e.g. x-rays) in order for comparison or estimation for protection 
purposes. The weighting factor is called Relative Biological 
Effectiveness (RBE). Experiments (NCRP 1967) show that RBE depends 
on many parameters: the biological system considered, the type
and degree of biological effect, absorbed dose rate etc.
The physiological effects due to low level exposure are 
not well known. Therefore, for protection purpose, only the roost
important factor --  LET are needed to be considered. A new
quantity called the quality factor (Q), depending only on L, is 
then recommended for protection purposes in place of RBE, The 
dependence is shown in Table 1.1. The data can be fitted by the 
following expression:
Q = 20 - 0,0006if6(175 - L)2 + 1.^6?(L - 3.5)\xp(-3vL：3.5) 
for 3*5 < L < 175 kev/um (1-12)
9
Table 1.1 Quality factor (Q) of monoparticle
L Q !L一 .… . ._ ____ _ .. _ ___3
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Figure 191 Quality factor (Q) of mono-L particle
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The maximum deviation of this function from the recommended values 
is -3-7多 at 53 kev^ ira. The first two terms were suggested by 
Anderson (196?) and the third term by Baura et al« (l97〇)* This 
function is plotted in Fig* 1.1,
The absorbed dose weighted by Q is called dose equivalent
(H):
H = DQ (1-13)
When the unit of D is rad, the unit of K is re®, Other modifying 
factors may be necessary in some cases (ICRU 19* 1971)•
It turns out that the measurement of the distribution of 
dose in L is fundamentally important. The only method, which has 
been designed to measure such distribution directly is due to 
Lawson and Watt (196?)• They used a specially designed plastic 
scintillation counter. The famous Rossi counter (see section k*3)  
can reach the same end only indirectly,
-r
1•5•3 Quality Factor (Q^(E)) of Monoenergetic Neutrons
When monoenergetic neutrons impinge on tissue, a spectrum 
of secondary particles is produced. The average quality factor (Q) 
is given by (according to ICEU 19)
Q  ^ /〇〇Q(L)D(L)dL//C〇D(L)dL (1-3A)
o o
where D(L) is the differential distribution of absorbed dos© in L. 
The quality factor of monoenergetic neutron is the average quality 
factor with D(L) corresponding to the secondary particle spectrum.
11
Quality factors for different neutron energies were calculated by 
many people. Fig. 1.2 and Table 1.3 are the recommended one.
1.3•蛑 Maximum Permissible Dose
For protection purpose, some guidelines must be set up. 
Based on consideration of possible genetic effect, the recommended 
maximum permissible annual dose equivalent for radiation workers 
over several years is 5 rem (ICRP, 1959)•
1•扛 Evaluation of (Absorbed) Dose and Dose Equivalent 
1•乓•1 Conversion Factors
It has been shown that under charged-particle equilibrium,
the absorbed dose is equal to the kerma. If we can relate neutron
fluences to kerma values, the total absorbed dose (D) and dose
equivalent (H) can then be determined once the differential
neutron flux F(E) is known: —
E fmax
D = K = f F(E)/d (E)dE (1-15)
E , min
Emax
H = f F(E)/d (E)dE (1-16)
E,in 6
de(E) = dk(E)/Qn(S) (1-17)
These conversion factors were calculated by several people 
(e* g. Auxier et al. 1968). The recommended values are shown in 
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for d^(E) was suggested by Rindi (197^):
d (E) = aE & (1-18)e
where a and b are constants given in Table 1.2. The calculated 
values may have uncertainties as large as 10^ which come from the 
incomplete knowledge of the nuclear properties and data. Error 
also arises from the determination of F(E). The usual method for 
the determination of F(E) employs threshold detectors, especially 
in accelerator sites (see Chapter 3)•
1•4•2 Dosimeters
Another method for the determination of dose and dose 
equivalent at any place in an ionizing radiation field utilizes 
dosimeters.
Many instruments can detect the radiations but they are not
necessarily dosimeters. Consider a detector located at a place
where the differential radiation flux per unit energy interval is
F(E). E , < E < E . The absorbed dose at this point is (from1 min max 1
equation l-l^f)
Emax
D = f  F(E)/d, (S)dE (1-19)
E , kmin
The response of the detector can be expressed as follows：
Emax
R = f F(E)r(E)dE (1-20)
E . m m
If r(E) is proportional to d^(E) ^, then so is R to D• The 
reading of the detector gives directly (perhaps after some
17
calibrations) the absorbed dose value• A detector having such 
properties is called a dosimeter. Dose equivalent dosimeters are 
similarly defined.
Actually there is no ideal dosimeter in practice. Small 
uncertainties are allowed for protection purposes. Deviations of 
-20% from the correct absorbed dose readings and deviations of 
-20% and +5〇劣 from the correct dose equivalent values can be 
permitted (Nachtigall 1969). If out of these limitations, the 
detector is only called a radiation monitor.
1.^.3 Tissue Equivalent Materials
Most of the works in neutron dosimetry are of special 
interest in tissue. Some dosimeters cannot, however, measure the 
tissue dose (or dose equivalent). When we use tissue-equivalent 
materials to construct dosimeters t they may determine the tissue 
dose• The tissue equivalent ionization chamber is a typical 
example where the wall is made of tissue-equivalent plastic and 
the cavity is filled with tissue-equivalent gas.
If a material has the same absorption properties for an 
ionizing radiation as the (wet) tissue, then it is called tissue- 
equivalent for the radiation. In practice, only an approximation 
can be obtained. A list of tissue-equivalent materials is given 
in Appendix A.
The most popular tissue equivalent materials for neutrons 
and gamma rays are the Shonka conducting plastic and the Rossi 
tissue-equivalent gas. To improve the strength and conductivity
18
of the tissue equivalent plastics, the oxygen is largely replaced 
by carbon. The difference has, nevertheless, no effect on tissue 
equivalence because carbon behaves very similarly to oxygen in a 
medium-energy neutron fields. The problem of tissue equivalence 
for fast neutrons was discussed by Booz et al. (1972)• A discussion 
on the properties of tissue equivalent gas mixtures was given by 
Srdoc (197〇).




The Neutron Fields for the Experiments
2.1 1知 Mev Neutron Generator
The neutron generator (Kaman, model A - 7 H ) is a miniature 
sealed-tube accelerator. Neutrons are produced continuously with 
energies around Mev by the fusion reaction:
， Q = 17.6 Mev .
Deuterium and tritium ions are supplied by a Penning-ion-gauge-type 
source• The ions (mainly in molecular form) are accelerated, 
through a high voltage of about l6〇 kv, into a target• The target 
consists of a layer of titanium in which deuterium and tritium are 
absorbed. The target backing, made of oxygen-free copper, is 
cooled by water to maintain a sufficiently low temperature so that 
the hydrogen isotopes will not be lost during operation. The beam 
current falling on the target can be measured by 夺 meter (calibrated 
in milli-ampere-dc) to give a relative value of the neutron yield.
The energy of the emitted neutrons depends on several 
factors including the energy and the atomicities of the incident 
ions, whether the reaction is ndeiiteriuni-upon-tritium’f or ,ftritiuiu- 
upon-deuterium’’》 and the angle of emission (Fig* 2.3)* Stark (1971) 
calculated the neutron spectrum for a number of selected cases.
Using the result of such calculations, the neutron spectrum of the 
generator can be understood qualitatively.
The spectral distribution of neutron flux density depends
20
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on the beam current and the beam size (approximately 5/8 in 
diameter for our generator)(Op De Beeck 1968). The flux density 
vary, however, as inverse-square of the distance from the target 
when the distance is greater than 5 cm (Fig. 3*6).
2.2 Th© Liquid Scintillation Spectrometer
There are several methods for the determination of neutron
spectra. Liquid scintillation counter is a convenient instrument
which has very good discrimination against gamma rays by means
of pulse-shape discrimination technique.
Our liquid scintillator is NE 213 (from Nuclear Enterprises
Inc., Scotland). A block diagram of the electronic system is
shown in Fig, 2 • k • The proton pulse (neutron-induced) and electron
pulse (gamma-induced) from the output of the photomultiplier have
rise-time difference. The delay-line amplifier shapes the pulse
from the preamplifier such that the fall-time of the output pulse
is equal to the rise-time of the input pulse. The ,fall-time of the
delay-line amplifier output pulses are measured by a pulse shape
22analyzer. The time spectra for a gamma source (from Na) and 
for the neutron generator were measured as shown in Fig. 2.5. The 
pulse height distribution of the proton pulses is then obtained 
from the multichannel analyser by means of a coincidence arrangement 
(Fig. 2. if) . To get the recoil proton energy spectrum, energy 
calibration must be made.
Fig. 2.6 is a typical Compton spectrum of a monoenergetic 
gamma source. The energy of the Compton electrons at the peak of
2k
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the spectrum is given by (Knox and Heller 1972):
Ep - (1 - 0•— ( 2- 1)
1 + (m c /2Ey)
where E丫 is the gamma energy, is the rest mass of electron and
C is the velocity of light. Using several known gamma sources t a 
linear graph of electron energy against the channel number of the 
multichannel analyser is plotted. On the other hand, the relation 
of the electron energy and the proton energy for equal total 
light output in the scintillator NE 213 was determined experimentally 
(Verbinski 1968 and Lawson, unpublished). The two relations thus 
give the relation of proton energy and the channel number. The 
pulse height distribution can then be converted into the recoil 
proton energy spectrum from which the neutron spectrum is unfolded 
(Jones and Toms 1971)• The unfolding method makes use of the fact 
that the elastic scattering of neutron with proton is isotropic in 
the center-of-mass frame. -
2.3 The Neutron Spectrum of the Neutron Field
The spectrometer is useful for neutrons with energy less 
than 1^ Mev because, above I k  Mev, the elastic scattering of 
neutron with proton becomes not strictly isotropic in the center- 
of-mass frame•
The spectrum of the neutrons emitted from the l^f-Mev 
neutron generator was measured by means of the spectrometer (the 
liquid scintillation counter incorporated with a pulse-shape 
analyzing system). The result is shown in Fig. 2,7. There
27
found however, in addition to the expected peakt a large
portion of low energy neutrons (< k Mev). This part of the spectrum 
may arise from the perturbations of recoiled carbon atoms and a 
particles because the elastic scattering processes of carbons with 
neutrons and the alpha-producing reactions become important for 
14 Mev. These effects were not corrected in the unfolding method.
We shall, in Chapter 3 » use threshold detectors to confirm the 
neutron spectrum.
Figure 2 Ih—e neutron spectra a t 。。, 9〇。 arid 1 乏〇。





Certain nuclear reactions, such as (n, 2n) (n ， n ) , (n， p) 
and (n, a), occur only when the neutron has energy greater than a 
particular (threshold) energy. These reactions always lead to a 
radioactivity which can be measured after the irradiation• Using 
such threshold detectors (or activation detectors and fission 
detectors), the differential neutron flux density or the energy 
spectrum can be determined. (Moteff 19^9)•
The threshold detectors are inexpansive and compact for 
neutrons of any energy. They are insensitive to non-neutron 
radiation. The method requires relatively simple equipment (section 
3.2), and is unique for a high-intensity neutron field. The minimum 
detectable neutron flux depends on the sensitivity of the equipment 
and the threshold detectors• The accuracy relies on the knowledge 
of the excitation functions for the neutron reactions (not always 
accurately known).
The threshold detectors used in our experiment are shown in
Table 3-1• The threshold indicates only the value at which the
cross-section is measurable ( mb) and does not represent the
true physical threshold. If thermal neutrons exist appreciably, 
q8 5Sni j?the reaction "°Ni(n ,p)^ ,gCo is not suitable because of the large 
cross-section (25〇〇 barns). All foils (the threshold detectors) have 
purity greater than 99•9^ with thickness less than 0,013 cm and
29
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(a) Lederer, C.M. et al. (ed.) Table of isotopes 6/e (1967) Wiley
(b) Lawson, R.C. et al. (1972)
(c) IAEA
(d) United Kingdom Atomic Energy Authority Evaluated Neutron Data Library (NDL) 1970.
(e) BNL 325, Neutron Cross sections, 2/e. Suppl. No. 1 (i960) Suppl. No. 2 (196斗 ）
diameter 1.27 cm.
3.2 The Nal ( T l )  Scintillation Spectrometer
A (3-in diameter and 3-in height) cylindrical Nal (Tl) 
scintillation counter was used to detect the intensities of the 
gamma-rays emitted by the threshold detector after activated. The 
spectrometer system is shown in Fig. 3*1*
Even a monoenergetic gamma ray produce a rather complex 
spectrum in the spectrometer. Usually, the irradiated threshold 
detectors emit gamma rays of different energies• Therefore the 
gamma ray intensity can be easierly obtained if only the full-energy 
peaks are measured (Attix and Roech 1968， P1^5). The gamma emission 
rate A(t) can be calculated from the expression:
A(t) = (3-1)
p
賣here Q is the solid angle subtended by the scintillator at the point 
source locating on the crystal axis, 6^ is the intrinsic peak effi­
ciency (the fraction of gamma rays impinging the scintillator which 
give signals into the peak) and N(t) is the peak counting rate.
The peak effeciency not only depends on the gamma energy, but 
also on the distance between the point source and the crystal. We 
put the gamma sources on the scintillator axis and at 3 cm from the 
scintillator surface by means of a sample holder made of a glass 
tube and lucite plates. The distance of the scintillator surface 
below the detector-can surface is found by x-ray radiography. Lucite 
plate of 8.5 mm thickness is used to remove possible 3-ray disturbance.
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Figure 3.1 A block diagram of the inorganic scintillation spectrometer
1TCC



















The detecting geometry is shown in Fig. 3-3*
Because of the difference in the experimental conditions 
between the present and the published, the intrinsic (full-energy) 
peak efficiencies may not be the same for the two cases (e.g, Lazar 
et al. 1956 and Girardi et al. 1964)♦ Gamma reference (nearly 
point) sources t ^°Co and (from Radiochemical
Center, Amersham) were then used to calibrate the spectrometer.
The result is shown in Fig. 3*4.
The (full-energy) peak area was determined by a simple method 
shown in Fig. 3 . The error in this method arises from the back­
ground distrubance and the uncertainty on the base of the peaks•
Other methods (e.g, Gaussian fit) may be more accurate but more 
complex as well (Quittner 1972)• A review of the peak-area deter­
mination was given by Kokta (1973)•
Background does influence the result considerably and must be 
reduced to a minimum. The background spectra with and without the 
lead shielding (Fig. 3*3) were measured respectively (Fig. 3.5).
The contamination peaks were found to be consistent with the published 
values (Van Lieshout et al. 1965, P51〇). More elaborate design of 
shieldings can be found in the book of Croutharael(l96〇 , P8l).
Since the threshold detectors are thin circular foils, the 
finite size effect should be corrected. The calculation of Vegors 
et al. (1958) showed that this effect is small. For the threshold 
detectors used presently, 0,5 inch diameter, the correction factor 
is approximately 0,98.
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Figure 3«^ Intrinsic peak efficiency (e^) of the Nal spectrometer,
(The error analysis is given in Appendix D , The error is about 3 M
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Multichannel analyzer has dead time because of the complex
logical decision. For the measurement of high-intensity gamma-rays 
of shor-t-lived radionuclides t the counting loss due to the dead time 
of the multichannel analyzer must be corrected. (Das and Zonderhuis 
197〇). When measuring long lived radionuclides, this correction is 
automatically applied in the multichannel analyzer by lengthening 
the counting time.
When a threshold detector is irradiated by a constant differen- 
tial flux density F(E) of neutrons for a time t^, the specific activity 
(i.e. the activity per gram ) at a (cooling) time after the end 
of the bombardment is
-A t ,
v v Q e (1 (3-2)
where Q is the number of atoms of interest per gram of the threshold 
detector, A(= In 2/half-life) is the decay constant,
r〇o. , 、
工 = j F(E) cr(E) d E (3-3)
0
and <J(E) is the activation cross-section*
The peak counting rate of the scintillation spectrometer is then 
given by
N(t) = 6^ A(t) (Eq(3-1))
= 7^-6 mBA (t) ( 3 - b )HK p 〇
where B is the branching ratio and m is the mass of the threshold
detector.
* F ( E ) 三 dF(S) t"""""
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3.3 Irradiation Conditions and Counting Methods
Since we are interested in measuring the spectrum of neutrons 
emitted at zero degree, the threshold detectors were placed on the 
generator axis during irradiation. The choice of irradiation distance 
is based on three criteria.
(i) and (ii) Over the areas of the detectors used, the neutron 
spectrum does not change and the primary differential flux density is 
essentially uniform,
(iii) The disturbance of scattered neutrons is minimized.
With reference to Fig. 2.3, the main ( I k  Mev) neutron spectrum
is constant provided that the emission angle is less than ten degrees.
The threshold detectors are thin foils with diameter less than 1.2? 
cm* Therefore, the minimum distance for criterior (i) is about 3.6 cm.
For the criterior (ii)f a set of copper foils (all 1.27 cm in 
diameter) were placed at different positions along the generator axis 
and were irradiated simultaneously. (The fluctuation of the generator 
output does not influence the result in this case since the relative 
method is used). The specific activity of each foil at the end of 
the bombardment was determined by the scintillation spectrometer. A 
plot of the inverse square-root of the specific activity as a function
of distance (Fig. 3*6) showed that the inverse-square law holds down
to 5 cm.
To reduce the influence of scattered neutrons, the threshold 
detectors must be placed far away from the walls. We chose 7 cm and 
6.6 cm as the irradiation distances which satisfy the three criteria.
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We irradiated the threshold detectors in two different ways.
First, all the foils were sandwiched between two thin cadmium sheets 
(to eliminate thermal neutrons) and then irradiated simultaneously 
for two to three hours• The error in the irradiation distance can 
be estimated by the^  following expression (assuming that the flux (F) 
is inversely proportional to the square of the distance):
dF _ Idr 
.■ 了  • :  r
If r = 7 cm, then 1 mm error in r causes X*%% error in the neutron 
flux• So we expect the error in the distance for this irradiation 
method to be small. On the other hand, the flux depression is 
negligible because the fast neutron cross-section values are only 
a few m barn at the most and the sandwich of foils is thin enough.
The result shown in Tig. 3,6 verified this fact.
The decay curve for each reaction (with half-life greater 
than one hour) was plotted over several half-lives to check the 
reaction products and assumed half-life. The specific activities 
at the end of irradiation were determined by least square fits to 
the decay curves. For short-lived reactions, equation (3-2) was 
used. Note that the specific activity of a short-lived reaction is 
determined only by the latter part of the irradiation. Any fluctuation 
of the generator output may influence the result•
In the second method, each foil was irradiated individually 
for ten minutes or two hours depending mainly on the half-life of 
the reaction considered. The generator output was monitored by a 
BF^ proportional counter which was placed inside a paraffin cylinder.
F ig u re  3 。？ ^The 1 r r a d ia t  io_n__ conf  i 厂u ra  L io n
k2
The irradiation configuration is shown in F i g . 蛑 .7. All the results 
were normalized to the same generator output. This method reduces 
the errors arising from the fluctuation in the generator output.
The equation (3-2) was used to find the specific activities. Some 
restriction is made on the choice of the cooling times. For the 
reaction n ,n ) ,  it is six hours for the interference of
(5k min. ) . For the reactions “ Cu(n，2n)“ Cu and ” Al(n ,a)^Na， 
the cooling times are both two hours because of the short-lived 
products. The cooling-times for the reactions 兄 Ni(n ，p ) gCo and 
9〇Zr(n，2n ) 8 9 m ， SZr are four days and two hours respectively because 
of the built-up from the decay of the isomeric states.
The two methods were found to give nearly the same result 
(within experimental error). This means that the fluctuation in the 
generator output is not large.
3 •‘ Results "
3.I4.. 1 Scattered Neutrons From the Walls
The apparent neutron flux densities (assuming that the energies 
of the emitted neutrons are all .7 Mev) deduced from the various 
reactions (Table 3-1) were plotted as a function of their thresholds 
(Fig. 3.8). The trend in the graph indicates the presence of lower 
energy neutrons -
To explore this, we used a set of indium foils to determine 
the inverse-square of distance dependence of flux. The method is 
similar to that used in the case of copper foils (Fig. 3*6). The 
reaction ll5In(n,n')115mln has a low threshold (Fig. 3.l^)and large
cross section value at low energy region. But it was found that the 
spectrometer system did not have good enough sensitivity to measure 
the low level activities of the product when the irradiation distance 
i〇 large ( > 20 cm).
Another reaction is sensitive to neutrons of
energies less than about 6 Mev (Fig, 3. 9). If the unexpected low 
energy part of the neutron spectrum (Fig. 2.7 ) is produced by the 
generator, the neutron flux should vary as a function of inverse- 
square of distance. The result (Fig. 3.6) shows that this is not 
the case. The low energy neutron flux was nearly independent of 
where the In foil was irradiated. Such neutrons must arise from 
the scattering of the 1^-Mev neutrons from the wall and other materials 
in the generator room.
27Furthermore t we used the threhold detector rAl(n,<) (irradi­
ation distance = 6.6 cm) to measure the thermal neutrons and found 
that the flux is very small because the spectrometer system did not 
observe the 1，78-Mev product gamma-rays. To confirm this fact, indium 
foils with or without a cadmium shield (to absorb thermal neutrons) 
were irradiated. We found that there is no appreciable difference 
between the specific activities of the two cases.
To reduce the influence of the scattered neutrons, the generator 
should be placed far from the walls of a big room. Since our generator 
room is not large (see Fig. 2.1, 2.2 and 3*3)» the disturbance of 
scattered neutrons are expected.
Threshold Energy (M e v )
Figure 3-8 Apparent neutron flux density for different threshold detectors
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Figure 3•l〇 Excitation function for the reaction In(n，n*) * In (CCDN)
















3.^*2 The ST；octruM i>yv\ the J)i f rex'e-nt j a"l Ucmtron F.i r D o n c i t y
If the nenti-on spectrum is kno’v.m accurately, only one activation 
is enough to determine the differentia〕, neutron flux density (provided 
that the excitation function and other constants such as holf-life are 
well~knov/n for the neutron energies coiicernGd。) c The neution spectrum 
for the neutron generator was (leterr,lined by the l i q u i d . ccintillaticn 
spectromster incorporated with pulf?e tihape discrimination (oection 2,2)* 
Unexpectedly t a large low energy psak region ('•* 67% of the M g v * peak) 
appeared v wc tried to doter nine tho relative contribution of this part 
of spectrum. At first, v；e used threshold detectors with hi t] ires ho Id
(greater than lOMev) to de-tcrinine tho intensity of the isain peak (3Jf Mev 
neutrons) * These detectora were ^ ^ N i ( n t2n)^^N.i, (n,2ii)^^rn,^ Z r ,
^^Cu(n,2n)^2 Cu and ^^Cu(n ,2n)^IrCu. Tho rec,ulto wore avert.ged. The 
M g v  differential neutron flux obtained in this way v/as then u^sd to 
determino the low energy part of the spectrum by ^oans of threshold . 
detectors with low threshold。 The detectors used were pIi:i(ntn )_ In, 
58Ni(n , p)58m' gCo ,27A1 (n , p)27Mg and 2 ^ Al(n ,a)2h\la. In particular, the 
indium reaction is quite sensitive to low energy i*euirons (Fi^ «, 3*l〇 ) •
We found that the flux of the 〕_ow engrcy neutrons (from the result c-f 
reaction 1巧 In(n，n)) is about 难  of that for the 1咎 Mev peak. About 
the same、 percentage t 8幺 , for the low energy neutron portion v/as resulted 
from the analytical method as described, in the follov/ing eection(Fig. 
3.12), The excessive part of the low onergy neutrons which are from the 
measurement of liquid scintillation spectrometer may have arised from the 
uncorrected factors in the unfolding of the neutron spectrum and the 
leakage of garama signals in the discrinilnation circuit as discussed in 
section 2.3* Fig. 3.11 shows the differential nemtrou flux density
found in thic way.
Figure ^ * 1 1  Differential neutron fXux density at 6*6 cm
























































The differential neutron flux density can nlc.o bo c,r.terr：lincd by 
an analytical method: Divide tho e n e r g y  re^n^e of the neutronc int o n 
regions (E^? j=l,2,. . . . For the i ^ t;hrc«hola reaction, e q u a t i o n
inay be j'e writ ten as
n  E ,
I. = 2： f* F(E) a . ⑶  d E (34)
1  " E .  X .3 th "Define the average flux density in the j " region be and the average 
cross-section a. . by the following expressj on
where




Then equation (3-5) becomes
n
I. =  2 1  F .  a. . ( 3 - 8 )
i 3 ^
Using n thresho3.d detectors whore , • r « are deterndned
experimentally (section 彡*3), F . mid be obtaiuod by eolvin?^ the
simu3_taneous equations (3-8). 〇.. . ere calculated by equations (3-6)J
and (3-7) where F(E) io the roughly ck> ter mined value of. the different
%,
tial neutron flux deneitye, F(E) may also bo replaced by tho rouglxly
determined neutron spectrum S(E) since F(E) 〇C S(S).
One of tha methods in defining the energy bands 1b to avoid
rapid variations in the croga~segtione coinciding with large changes
in the opectrum (Lav/son ot a3.« 1972)« Another method is using; the
/
effective threshold energies which are defined as
广 F(E) 〇• (E) cl E =： c?/
B, i  1
1
5〇
Figure 3.12 The differential neutron dEjnsi ty for the neutron genera tor
(The reactions 1 1 ^In(n,n,), 2 ’Al(n,p), ^^Al(n,〇^) and 
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where ie the true threshold (Table 3*1) and is chosen, in 
our caset to be the cross-eect-ion for lk^ >7 Msv neutron (Table
3*1). We used the differential neutron flux dene;it^ deterciined
in the last section (Fig. 11) to calculate (from equation 
(3-9)) and cr_ (from eqiiations (3-6) and (3-7) )• Once the dif­
ferential neutron flux donsity is found, we may calculate again
/ / *
B. and g f , and iterate the procedure to find a more accurate F(E).id
The differential neutron flux density obtained is shown in Fig.
(3.12).
So mo regions have negative neutron fluxs which are 
physically impossible* This may arises from the largo experi­
mental error*
Discusaion
The results are subjected to large experimental errors 
which arise mainly from the cross section vs.lues• 5%)» The
errors in tho nuclear constants are leas than 1^. The counting 
error is about 3% which may be reduced to be less than 1% by 
the following improvements;
(i) Better background shielding. This can increase the 
detecting sensitivity.
(ii) Better method of determination of the gamma raj full energy 
peak area. This contribution in error uiay be large for 
lov? level countinga ，
The experiments showed that the neutron generator produce 
1^ Mev neutrons only. Low energy scattered neutrons as shown in
52
F ig* 3*6 and F ig .  3-11 fx'om which v^ e can exp ress the dose e q u iv a le n t 
r a te  (H) a t  a d is tan ce  r  from the  g en e ra to r by the  fo llo w in g  
eq ua tio n : (use data  in  Tab le  1^3)
H 钇 dJLIF
=：3."5 x 108 ,  + x 105
r
w ith  ^  6c8kp e r r o r  ? (see Appendix D) \7h e r0 H is  in  in rem /h r, r  in  
cm and a is  the BF^ m on ito r (shown in  F ig .  3*7) co im tin g  r^.to 
d iv id e d  by 10 cps.
The coun ting  e r r o r  can be red iiced considertUjD.y v;hon a GeCLi) 
d e te c to r is  used. A G e (L i)  opec tro r.ie te r aystem has beec. s e t *ap in  
our la b o ra to ry  and we hope： th a t  b e t te r  in fo rm a t io n  fo r  the  n eu tro n  
g en e ra to r o u tp u t can be ob ta ined  in  the fu tu re  *
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C hap te r 砟
T is s u e - S q u iv a le n t  P ro~ oo rt.iona l C o un te rs
^ •1 G e n e ra l LST A n a ly s is
As m en tio ned  in  s e c t io n  1 .3 .2 ,  t l ie  d e te rm in a t io n  o f abso rbed  
dose d i s t r i b u t i o n  in  L i s  fu n d a m e n ta l l v  im p o r t a n t . ';Ve d is c u s s  such 
d e te rm in a t io n  in  t i i i s  c h a p te r .  T h is  s e c t io n  i s  based cn th e  th e o ry  
o f K e l l e r e r  (1 9 7 2 ).
C o n s id e r a s m a l l re g io n  U w h ich  i s  ran d o m ly  t r a v e r s e d  by 
cha rged  p a r t i c le s .  L e t • s make some a s s u m p tio n s :
( i ) Charged p a r t i c le s  t r a v e r s e  U w ith o u t  change in  t h e i r  L.
( i i ) The en e rg y  d e p o s ite d  i s  th e  p ro d u c t o f  th e  L and th e  p a th  
( o r  c h o rd ) le n g th  in  th e  r e g io n .
( i i i )  E n e rg y  lo s s  s t r a g g l in g  o f th e  lie a v y  changed p a r t i c le  and 
r a d i a l  e x te n s io n  o f i t s  5 - ra y  h a lo  can be n e g le c te d .  
F u r th e rm o re  we deno te  th e  d i s t r i b u t i o n  o f p a th  le n g th  ( l )  r e s u l t i n g  
from  th e  random t r a v e r s a l  by g ( l ) ,  th e  d i s t r i b u t i o n  o f  LET by t ( L )  
and th e  d i s t r i b u t i o n  o f ene rg y  lo s s  h by f  ( E ) , ( H L ) .
From th e  d e f in i t i o n s ,  t ( L )d L  is  the  number o f charged 
p a r t i c le s  w ith  L^JT between L and L+dL. F o r p a r t i c le s  w i t h in  such LET 
i n t e r v a l , th e  p r o b a b i l i t y  t h a t  th e  e n e rg y , d e p o s ite d  in  a p assag e t 
e q u a l to  o r le s s  th a n  i s  th e n  g iv e n  by
* A beam o f m onoene rg e tic  p a r t i c le s  h a v in g  passed th ro u g h  a la y e r  o f  
a b s o rb e r , has an ene rg y  sp read  because some o f  them lo s e  ene rg y  in  
th e  a b s o rb e r.  ( Coppola and Booz， 1973 )•
G (-T-) t ( L )  d LJlj
where G ( l)  = g U ) d ^ i s  the  i r i t e - r a l  d is t r ib u t io n  o f l .
The in t e g r a l  d is t r ib u t io n  o f 乜 i s
F (E ) 三 ^  f ( E )  dE
= | G (— ) t  ( L ) d L
c
D i f f e r e n t ia t in g  t h is  la s t  r e la t io n  g iv e s
f(E) = [ I L S 2
di]
= t ( L)  d L 
0 心
• : 广 ^ 组 一  t ( L) d L ( U )
0 L
f ( E )  i s  e x p e r im e n ta l ly  d e te rm in ed ; g ( l ) i s  known fo r  a g iv e n  d e te c to r  
geom etry and t ( L )  i s  to  be d e r iv e d .
K e l le r e r  (1972) showed th a t  the  d e te rm in a t io n  o f t ( L )  can be 
o b ta in e d  from  f ( E) and g ( l )  by means o f F o u r ie r  t ra n s fo rm s . A no the r 
te c hn iq ue  was g iven  by T u rn e r e t a l . (197〇 )• They used an i t e r a t i v e
Monte C a rlo  u n fo ld in g  p rocedu re . These two methods p lace  no l im i t a ­
t io n s  on the  g e o m e tr ic a l shape o f the  c a v i t y . Fo r any c a v i t y  shape, 
g ( l )  can a lso  be c a lc u la te d  by u s in g  Monte C a rlo  methods ( B i r k h o f f  
e t a l . 197〇 )• Fo r some s p e c ia l g eo m e trie s , s im p le  a n a ly t ic  e xp re s ­
s io n s  o f g ( l ) may be found . ( B i r k h o f f  e t a l . 197〇 ) ( see a lso  Tab le  
4 .1 ) .  The mean p a th - le n g th  { l )  in  a convex1 c a v i t y  t ra v e rs e d  
i s o t r o p ic a l l y  by s t r a ig h t  l in e s  is  g iv e n  by ( Cauchy 19C8)
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i = +^V/3 ( V-2)
where V and S a re  the  volume and the  s u rfa c e  a re a  o f the  c a v i t y .
In  g e n e ra l,  charged p a r t ic le s  w hich d e p o s it ene rgy in  a 
s m a ll c a v i t y  can be c la s s i f ie d  in to  fo u r  c a te g o r ie s  ( C asw e ll 1966): 
c ro s s e r ,  s to p p e r , s t a r t e r  and in s id e r . The d e f in i t io n s  a re  shov/n in  
F ig .  ' . 1 ,  The?Lr c o n t r ib u t io n s  on the  ene rgy d e p o s it io n  depend on the  
typ e  and ene rg y o f the  cnarged p a r t ic le s  and on the  ene rgy o f n e u tro n s  
which produce the charged p a r t ic le s  ( i le in t z  1972 ). O r d in a r i l y ,  f o r  a 
f ix e d  n e u tro n  ene rg y, as we decrease the  s i  ze o f the  c a v i t y ,  tr ie  
p e rcen tage  of c ro s s e rs  in c re a s e s  to  become d om inan t. T ha t i s  what 
LET a n a ly s is  r e q u i r e s . T ile append ix  ;5 o f 工 GKU re p o r t  n o . lo  d iscussed  
th e  l im i t a t io n s  o f the  t ra n s fo rm a t io n  from  f ( E )  to  t ( L ) ,
F ig u re  4 .1  Energy d e p o s it io n  in  a s m a ll—_ca v i t y chamber
( The a rrow  denotes the  whole t r a c k  o f th e
charged p a r t ic le )
W a ll
2 P r o p e r t i e s  o f  P r o p o r t i o n a l  C oun te rs  
払 • 2 •1  I n t r o  due t i o n
To f u l f i l l  th e  r e q u i r e m e n ts  o f  th e  LET a n a l y s i s ,  th e  r e g io n  U 
must be v e r y  s m a l l  so t h a t ,  f o r  e x a m p le , th e  L2T o f  a cha rged  p a r t i c l e  
w i l l  n o t  change much i n  i t s  t r a v e r s a l  a c ro s s  th e  r e g io n  and tne n e u t r o n  
s e c o n d a r ie s  w i l l  have s m a l l  chance to  s t a r t  o r  s to p  i n s id e  the  c a v i t y  
(C a s w e l l  1 966 ) .  T y p i c a l  d im ens ions  o f  the  r e g io n  must be o f  the  o r d e r
o f  1 |im (m ic ro n )  o r  le s s  (R o s s i  1963, P72 ) .  O b v io u s ly  t h i s  s i z e  i s
p r a c t i c a l l y  im p o s s ib le  e xcep t  f o r  th e  gas c a v i t y  chamber. T h is  s m a l l  
s i z e  can be s im u la t e d  by r e d u c in g  the  gas p r e s s u re  ( and th u s  the  
d e n s i t y )  ( r e f e r  to  s e c t io n  ^-.2 .3). T y p i c a l  a c t u a l  s i z e  o f  tn e  gas 
c a v i t y  ranges  f rom  few cm to 10 cm. The gas p r e s s u re  canno t be too 
low  o th e rw is e  en e rg y  s t r a g g l i n g  becomes s i g n i f i c a n t  ( C a s w e l l  1966; 
Coppo la  and Booz 1973)« The i n f l u e n c e  o f  d e t e c t o r  s i z e  i s  d is c u s se d  
by Coppola e t  a l . (1973 ) • iMany measurements have been done f o r
sphe re s  o f 1 to  2 lam e q u i v a le n t  d ia m e te r .
F o r  a c a v i t y  of 1 ]i.m e q u i v a l e n t  d i a m e t e r ,  i f  t h e  m i n i m u m  L E T  
o f  i n t e r e s t  is  一) k e v /] lm , tn e s m a l l e s t  e n e r g y  l o s s  t h a t  m u s t  b e  
d e t e r m i n e d  i s  5 k e v . O n l y  a iev/ i o n  p a i r s  a r e  p r o d u c e d  i n  m o s t  g a s e s  
f o r  s u c h  c h a r g e d - p a r t i c l e  e n e r g i e s . At  p r e s e n t ,  o n l y  t h e  p r o p o r t i o n a l  
c o u n t e r  h a s  s u f f i c i e n t  s e n s i t i v i t y  a n d  r e s o l u t i o n  in t h i s  r e g i o n  
( R o s s i  1968, P'72) .
As we a re  concerned w i t h  such  a s m a l l  s i z e  ( c e l l u l a r  and sub- 
c e l l u l a r  s i z e ) ,  t h i s  f i e l d  of' s tu d y  i  s c a l l e d  m ic ro  d o s im e t r y . I t  i s  
im p o r t a n t  to  n o te  t h a t  when we a re  ccnce rned w i t h  t o t a l  absorbed dose 
o n l y , th e  s i z e  becomes im m a t e r i a l  ( s e c t io n  1 . 2 • 蚌 ) •
Table 4.1 Tissue-equivalent proportional counters
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‘•2 . 2  P r i n c i p l e  o f  O p e r a t i o n
W h e n  a c h a r g e d  p a r t i c l e  is p a s s i n g  t h r o u g h  t h e  g a s  c a v i t y , a 
n u m b e r  o f  (p r i m a r y ) i o n  p a i r s  ( N〇) r e s u l t  f r o m  i o n i z a t i o n s  ( s e c t i o n  
1 . 2 . 3 ) .  E l e c t r o n s  v;ill d r i f t  t o  t h e  a n o d e  a n d  p o s i t i v e  i o n s  to t h e  
c a t h o d e . I f  t h e  f i e l d  is  s u f f i c i e n t l y  l a r g e , t h e  e l e c t r o n s  (a n d  
p o s i t i v e  i o n s ) c a n  o b t a i n  e n o u g h  e n e r g y ,  f r o m  t h e  e l e c t r i c  f i e l d ,  
b e f o r e  t h e  n e x t  c o l l i s i o n ,  to i o n i z e  o t h e r  a t o m  d u r i n g  t h e  c o l l i s i o n  
T h i s  p r o c e s s  m a y  b e  r e p e a t e d  f o r  m a n y  t i m e s ,  w i t h  m a n y  i o n  p a i r s  
b e i n g  p r o d u c e d . T h i s  p h e n o m e n o n  is c a l l e d  (T o w n s e n d ) a v a i e n c h e . E a c h  
p r i m a r y  i o n  p a i r  g e n e r a t e s  a n  i n d i v i d u a l  a v a i e n c h e  w h i c h  i s  a s s u m e d  
to b e  i n d e p e n d e n t  of  o t h e r s .
F o r  a c y l i n d r i c a l  c o u n t e r , tiie a v a i e n c h e  a p p e a r s  n e a r  t h e  a n o d e  
w i r e  w h e r e  t h e  f i e l d  i s  v e r y  s t r o n g  . T n e  c r i t i c a l  r a d i u s  (r 〇) at 
w h i c h  t h e  amp.'Lificatiai s t a r t s  is, a g o o d  a p p r o x i m a t i o n ,  g i v e n  b y
r 二 ’a ( 卜 3)o V ^E
w h e r e  a is t h e  w i r e  r a d i u s ,  V i s  t h e  a p p l i e d  v o l t a g e  a n d  i s  t h e
s
t h r e s h o l d  v o l t  a g e  at w h i c h  t h e  a m p l i f i c a t i o n  b e g i n s . ( C u r r a n  a n d  
C r a g g s  1 9 4 9 ,  F‘32)
I f  t h e  t o t a l  n u m b e r  o f  r e s u l t a n t  i o n  p a i r s  i s  N , t h e n  t h e  g a s  
m u l t i p l i c a t i o n  f a c t o r  ( o r  g a s  g a i n )  G is d e f i n e d  a s
G - ~TT-~ ( k )
〇
. 9
F o r  s p e c i a l  g a s e s , G u p  to 1 C  c a n  b e  o b t a i n e d  a n d  e v e n  o n e  p r i m a r y  
i o n  p a i r  c a n  be d e t e c t e d  (C h a r p a k  et a l . 1 9 7 2 ) .  C o n v e n t i o n a l  c o u n t e r s  
h a v e  G e q u a l  to 1 C ,  — 1C  f o r  o r d i n a r y  g a s e s .
T h e  g a s  m u l t i p l i c a t i o n  f a c t o r  d e p e n d s  o n  t h e  g e o m e t r y  o f  t h e  
c o u n t e r , t h e  c o u n t i n g  g a s , t h e  g a s  p r e s s u r e , t h e  a p p l i e d  h i g h  v o l t a g e  
and the  d e t e c t e d  r a d i a t i o n .  I f  t h e  p h o t o e l e c t r i c  e f f e c t ,  s p a c e  
cha rge  e f f e c t  a n d  r e c o m b i n a t i o n  o f  i o n s  a n d  e le c t r o n s  c a n  b e  n e g l e c t e d ,  
th e n  th e  g a s  m u l t i p l i c a t i o n  f a c t o r  (G ) i s  g i v e n  b y  ( R o s e  a n d  K o r f f
mi)
a
I n  G = - f oc d r ( V -5)
ro
where a  i s  th e  f i r s t  Townsend c o e f f i c i e n t  and r  i s  tr ie  r a d i a l  d is t a n c e  
f rom  th e  a x i s . ( r 〇 and a were d e f in e d  i n e q u a t io n  ( - 3 ) ) . D e f in e
_  fc]
s 7 (V.6 )
w h e r e  E  i s  ttie e l e c t r i c  f i e l d ,  a n d  p  i g  t h e  g a s  p r e s s u r e .  F o r  t h e  
c y l i n d r i c a l  c o u n t e r ,  (q is  t h e  c h a r g e  p e r  Unu  length):
b  ^ r U-.7)
2CV
r
Comb in ing  e q u a t io n s  (^-5) ~ (扛一 7 ) ,  v/e ha.ve
S
I n  G 
p a S ~
S











F o r  a p r o p o r t i o n a l  c o u n t e r ,  a / p  i s  a  f u n c t i o n  o f  3 o n l y  a n d  S 〇 i s  a 
c h a r a c t e r i s t i c  c o n s t a n t  of  a  g i v e n  c o u n t i n g  g a s . Trie r e  a r e  a t  l e a s t  
s i x  d i f f e r e n t  e x p r e s s i o n s  f o r  a / p  p r o p o s e d  b y  d i f f e r e n t  p h y s i c i s t .
E a c h  t h e o r y  h o l d s  o n l y  f o r  a l i m i t e d  r e g i o n  o f  3. R e v i e w s  w e r e  g i v e n  
b y  Z a s t a w n y  ( 1 9 6 6 )  a n d  r e c e n t l y  b y  C a r l e s  ( 1 9 7 2 ) .
T o  v e r i f y  w h i c h  t h e o r y  i s  v a l i d  fo r a g i v e n  c o u n t e r ,  t h e  
e q u a t i o n  ( 烊 一 8) m u s t  b e  c o m p a r e d  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s . M o s t  
o f  t h e  m e t h o d s  f o r  t h e  d e t e r m i n a t i o n  o f  G u t i l i z e  t h e  h e i g h t  o f  t h e  
o u t p u t  p u l s e  f r o m  t h e  c o u n t e r  (Eos.si arid S t a u b  19^+9, P 7 7 ； C a m p b e l l  
1 9 6 3 ； H e n d r i c k s  1 9 7 2 ) .  T h e  p u l s e  a r i s e s  f r o m  t h e  m o v e m e n t  o f  t h e  
p o s i t i v e  i o n s  p r o d u c e d  i n  t h e  a v a l e n c h e . T h e  e l e c t r o n s  do n o t  h a v e  
a n y  s i g n i f i c a n t  c o n t r i b u t i o n . T h i s  s m a l l  p u l s e  (m i l l i v o l t  o r d e r )  i s  
t h e n  e n l a r g e d  b y  a p r e a m p l i f i e r  a n d  a n  a m p l i f i e r  to t h e  e x t e n t  ( v o l t  
o r d e r ) t h a t  a n a l y s i s  -is p o s s i b l e  ( F i g . h.2),
C h a r l e s  ( 1 9 7 2 )  p o i n t e d  o u t  t h a t  t h e  p u l s e - h e i g h t  m e t h o d  f o r  
t h e  d e t e r m i n a t i o n  o f  G m a y  r u n  t h e  r i s k  o f  g e t t i n g  e r r o r  b e c a u s e  t h e  
p u l s e  h e i g h t  d e p e n d s  o n  t h e  s h a p i n g  n e t w c r k  c f  t h e  p r e a m p l i f i e r .  T h e  
m o s t  a c c u r a t e  m e t h o d  is  to m e a s u r e  tne c u r r e n t  p r o d u c e d  b y  t h e  i n c i d e n t  
r a d i a t i o n  f o r  d i f f e r e n t  V d o w n  to t h e  i o n i z a t i o n  r e g i o n  a n d  t h e n  
c o m p u t e  G f r o m  e q u a t i o n  (k~k)4
F o r  t i s s u e - e q u i v a l e n t  g a s , t h e  f o l l o w i n g  e x p r e s s i o n  p r o p o s e d  
b y  T o w n s e n d  (W i l l i a m s  a n d  S a r a  1 9 〇 2 ) i s  o f  t e n  u s e d :
^  = A e x p  ( - 导 ） （4 一 1C)
P ^
w h e r e  A a n d  B a r e  c h a r a c t e r i s t i c  c o n s t a n t s  o f  t h e  g a s . T h e  c o r r e s ­
p o n d i n g  e q u a t i o n  ( h  ~S) b e c o m e s
6l
I n  G
s [exp
a
- e x p ( 4 - 1 1 )
F o r  a L E T  c h a m b e r ,  t h e  o n l y  r e q u i r e m e n t  is t h e  u n i f o r m  G a l o n g  t h e  
w i r e .
T E  p l a s t i c  a n d  TIC g a s  a r e  u s e d  to c o n s t r u c t  t h e  c o u n t e r s  so 
t h a t  t h e  c h a m b e r  is  (a p p r o x i m a t e l y )  h o m o g e n e o u s  a n d  i t  s i m u l a t e s  t h e  
i n t e r a c t i o n  o f  n e u t r o n s  w i t h  t i s s u e  ( s e c t i o n  T h e  c a v i t y  w a l l
s h o u l d  b e  t h i c k  e n o u g h  to g u a r a n t e e  c h a r g e d - p a r t i c l e  e q u i l i b r i u m  i n  
t h e  c a v i t y  b u t  n o t  to c a u s e  s i g n i f i c a n t  a t t e n u a t i o n  of t h e  r a d i a t i o n  
f i e l d .
A t  p r e s e n t ,  t h e r e  a r e  t h r e e  k i n d s  o f  g e o m e t r y  f o r  t h e  p r o p o r ­
t i o n a l  c o u n t e r : c y l i n d r i c a l ,  s p h e r i c a l  a n d  t h e  m u l t i w i r e d .  ( s e e  
T a b l e  U )
T h e  e x p e r i m e n t a l  s e t - u p  f o r  a p r o p o r t i o n a l  c o u n t e r  is s h o w n  
i n  F i g . h,2, T h e  m u l t i c h a n n e l  a n a l y z e r  (M C A )  o u t p u t  g i v e s  t h e  p u l s e -  
h e i g h t  d i s t r i b u t i o n . A  b i a s e d  a m p l i f i e r  m a y  ere u s e d  ( a f t e r  t h e  s t a g e  
c f  a m p l i f i e r )  to e x p a n d  s o m e  p a r t  o f  t h e  s p e c t r u m  b e c a u s e  t h e  t y p i c a l  
d y n a m i c a l  r a n g e  of  L E T  i s  v e r y  l a r g e  ( 〜 T h e  h e i g h t  o f  p u l s e  o f  
t h e  d e t e c t o r  i s  p r o p o r t i o n a l  to th e n u m b e r  o f  p r i m a r y  i o n  p a i r s  
p r o d u c e d  b y  a t r a v e r s i n g  c h a r g e d  p a r t i c l e . H e n c e  t h e  p u l s e  h e i g h t  
d i s t r i b u t i o n  is  o n l y  a n  i o n i z a t i o n  d i s t r i b u t i o n . I n  o r d e r  to o b t a i n  
t h e  e n e r g y  l o s s  d i s t r i b u t i o n  f ( E )  a s  d e s c r i b e d  in s e c t i o n  1, 
c a l i b r a t i o n  m u s t  be d o n e  ( s e c t i o n  4 . 3 . 2 ( A ) ) .  F o r  p r e c i s e  d e t e r m i n a t i o n  ^ 
t h e  e n e r g y -  a n d  p a r t i c l e - t y p e - d e p e n d e n c e  o f  t h e  w  v a l u e  (t h e  e n e r g y  
r e q u i r e d  to p r o d u c e  o n e  i o n  p a i r ) m u s t  a l s o  b e  t a k e n  i n t o  a c c o u n t  
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for a proportional counter
i o n s  f o r  t h e  t i s s u e - e q u i v a l e n t  gas ( C a r t e r  19〇 7 ； D e n n is  1 971 )»
From t h e  m e a su re d  e n e r g y - lo s s  d i s t r i b u t i o n ,  t h e  LET d i s t r i ­
b u t i o n  t  ( L )  can be d e t e rm in e d  as m e n t io n e d  i n  s e c t i o n  ^ . 1 .
The  p u l s e  h e i g h t  d i s t r i b u t i o n  o f  an e x t e r n a l  r a d i a t i o n  i s  v e r y
c o m p le x .  I n  a d d i t i o n  to  th e  p a 七h —丄 d i s t r i b u t i o n  ( s e c t i o n
f a c t o r s  w h ic h  c o n t r i b u t e  to  t h e  shape  o i  t h e  m easu red  d i s t r i b u t i o n
a r e  ( K e l i e r e r  1 968 ;  B a i l y  and 3 te  i g e n v a i t  1.975) i o n i z a t i o n  1 l u c  tu a -
t i o n T gas m u l t i p l i c a t i o n  f l u c t u a t i o n ,  ' " a l l  e f f e c t  ( sudden  change i n
d e n s i t y ) , p r im a r y  c o l l i s i o n  s p e c t r u m ,  LET s p e c t ru m  e t c .  K e l i e r e r
( 1 9 6 8 )  t h e n  c o n c lu d e d  t h a t  th e  c o un t  e r  shape  does no t  p l a y  an
im p o r t a n t  r o l e  i n  d e t e r m in i n g  t h e  p u l s e  h e i g h t  d i s t r i b u t i o n  o f  a le w
LET r a d i a t i o n  ( a t  v e r y  s m a l l  e q u i v a l e n t  v o lu m e , e . g . 1 p.m). T h i s
was v e r i f i e d  by S rdoc  and B r e y e r  ( 1 97〇 ) . The y  u sed  a c y l i n d r i c a l
p r o p o r t i o n a l  c o u n t e r  ( s e c t i o n  q . 4 ) and  fo u n d  t h a t  th e  ( e n e rg y  l o s s )
d i s t r i b u t i o n  i s  n e a r l y  e q u a l  t o  t h a t  o b t a i n e d  w i t h  a s p h e r i c a l
6 〇
p r o p o r t i o n a l  c o u n t e r  ( s e c t i o n  紅 〇 ) f o r  Co gamma.
^ . 2 . 3  E q u i v a l e n t  B i o l o g i c a l  T h i c k n e s s
A s  m e n t i o n e d  i n  s e c t i o n  h . 2 . 1, by v a r i  a t i o n  o f  t h e  gas p r e s s u r e  
(p )  i n  t h e  c a v i t y ,  w e  c a n  s im u l a t e  a i m j —t  d e n s i t y  ( 1 grn/c c ; t i s s u e
vo lum e  i n  d i f f e r e n t  e q u i v a l e n t  t n i c k n e s s  d . C ha rged  p a r t i c l e s
eq
p a s s in g  t h r o u g h  th e  c a v i t y  w i l l  l o s  e a b ou t  t i ie  same amount o f  e n e rg y  
as t h e y  w ou ld  i n  p a s s in g  t h r o u g h  t h e  e q u i v a l e n t  d i s t a n c e . I f  th e  
d e n s i t y  o f  t h e  gas i s  p  (^m /cc )  and a c t u a l  d i s t a n c e  d (cm ),  tn e n
deq (cm) x 1 (gm/cm cm P cm- U - 1 2)
6 ^
o r  d 1 C “. d p  (‘ :L2a)
e q  V.
w h e r e  d i s  i n  u m .  
e q
T h e  d e n s i t y  o f  g a s  c a n  b e  e x p r e s s e d  i n  t e r m s  o f  t e m p e r a t u r e  T (° K ) , 
p r e s s u r e  p , m o l e c u l a r  w e i g h t  a n d  p a r t i a l  p r e s s u r e  丄\  ( f o r  a  
m i x t u r e  o f  g a s , e . g. Ti: g a s ) :
P - ^  f W  (- 13)
w h e r e  g  i s  t h e  p r a v i  t a t i o n a l  c o n s t a n t  a n d  I< i s  t h e  u n i v e r s a l  g a t  
c o n s t a n t . F o r  t n e  R o s s i  T E  g a s  ( a p p e n d i x  r〇  a t  i a t m  a n d  r o o m  
t e m p e r a t u r e  ( 2 5 〇 C ),
p  二 1 必 2 x  1 C ™ 3 g m / c c
I n  c o n c l u s i o n ,  f o r  a n y  p r e s s u r e  p ( t o r r ) a t  2 3 °C,
d = O . C 1 3 7  d p (如 ） ( 4 - 1 5 )
e q
F o r  a  s p h e r i c a l  c r  c y l i n d r i c a l  c a v i t y , t h e  a c t u a l  d i s t a n c e  d i s  t n e  
d i a m e t e r . F o r  a  t h i n  s l a b ,  d i s  e q u a l  t〇 t h e . t h i c k n e s s  o f  t h e  s l a b . 
( s e e  T a b l e  ^ .1 ) r
k .3 T h e  K o s s i  C o u n t e r  ( A  T i s s u e - j j q u i v a l e n t  S p h e r i c a l  P r o p o r t i o n a l  
C o u n t e r ) - A  R e v i e w  
“• 3 • 1  I n t r o d u c t i o n
T h e  c a t h o d e  i s  a s p h e r i c a l  s h e l l  m a d e  o f  T E  c o n d u c t i n g  p l a s t i c , 
A  t h i n  a n o d e  w i r e  i s  p u t  o n  a  d i a m e t e r  ( s e e  F i g ,  ^ . 3 ).  T h e  c a v i t y  
i s  f i l l e d  w i t h  T £  g a s . For a  g i v a n  g a s  m u l t i p l i c a t i o n  f a c t o r  e q u a t i o n  
(k-6) t e l l s  u s  t h a t  t h e  z o n e  o f  m u l t i p l i c a t i o n  s h r i n k s  f o r  a t h i n n e r
v/ire, a n d  t h e  f i e l d  i n  t h i s  n a r r o w i n g  s ,a c e  b e c o m e s  l e s s  d e p e n d e n t  o n
GAS
Figure k. 3 The J^ossi coun ter . 1: gas inlet ( aluminum );
2: spring washer (、steel); 3: aluminum cover;
k： these parts are slit to enable gas flew;
2 il.~\5: built-in alpha source ; 6: pivot; ? : ' "An；
preparation ; 8 : counter holder ( alum in urn )-
(Oldenburg and Boo 197,。）
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Figure 蚱•砟 Modified Hossi counter. Field
correction pieces made of conduc­
tive tissue-equivalent plastic 
2 mra in diameter reduce the field
-4. T>* . ,  :-十•  », .  W  ; J  . T.  ... ' -i
' distortion. Gas—sealed. (Srdoc
- lJ7〇 2
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the shape of the outer electrode. For trie spherical counter, the 
major nonuniforrniof electric field is near the end of the v;ire 
(end effect). Ho3si (1955) usod a helical grid surrounding the anode 
to eliminate the end effect and a technique was devised to set tne 
correct potential of the grid, The cassembly of the counter is, 
hov/ever complex and mechanical instability results. A modification 
(Benjamin et ai. 1968) '//as made by using guard rings cn each end of 
the wire (see Fig, k . k ) * The Rossi counter is now ccmercially 
available (EGG Laboratory, California, USA).
The spherical cavity chamber is tne simplest geometry in a 
neutron field for both theoretical calculation of distributions and
experimental evaluation. The reason is given below,
Consider a cavity chamber in a uniform b earn cf neutrons. The 
(equilibrium) secondary charged-parti cle distribution is angular- 
dependent. Single out one direction (Fig. ^.5a). The distribution 
of charged particles of a certain type and energy in this direction
r
is the same at every point throughout the medium (assume charged- 
particle equilibrium (section 1.2. )) . 'J-'hese charged particles
traverse the cavity in a way shewn in Fig. 4. ;5b. By rotational 
symmetry, all distributions of charged particles with different 
energies and types in any direction are equivalent to the situation 
shown in Fig. . 2b. So we can rep lac e the angular distribution o f
charged particles by a uniform parallel beam of charged particles
whose energy distribution is the sum of tne angu-lar distributions over
all angles. This simplifies the theoretical calculations (see section
4.3.2(G)). In addition, the only requireinent on the neutron field is
t h a t  t h e  c a v i t y  c h a m b e r  is i r r a d i a t e d  u n i f o r m l y  b y  neutrons, r e g a r d l e s s  
o f  w h e t h e r  it is a n e u t r o n  b e a m . T u e r e f o r e  Lhe e x p e r i m e n t a l  i r r a d i a t i o n  
g e o m e t r y  i s f l e x i b l e .  F u r t h e r m o r e ,  t h e  L K T  a n a l y g ! g f o r  the s p h e r i c a l  
c a v i t y  i s  s i m p  1 e g  t a n d  a n a l y t i c  (I；o ssi 19^' £) ( s e e  a l s o  T a b l e  ! \ •!).
T h e  m a i n  d r a w b a c k s  o i t h e  K o s s i  c o u n t e r  a r e  t h e  c o m p l e x i t y  i n  
t h e  r e q u i r e d  e l e c t r o n i c s , a n d  t h e  g a G - s u p p l y  s y s t e m  ( K o s s i  1 9 6 8 ，
T h e s e  t e c h n i c ^ - 1  d i f f i c u l t i e s  v/ere r e c e n t l y  s o l v e d  b y  B a u m  et a i .
( 1 9 6 9 ； 1 9 7 0 ) .
N o w  w e  c a n  s e e  w h y  n e a r l y  a l l  the w o r k  on m i c r o d o s i m e t r y  (b o t h  
t h e o r e t i c a l  a n d  e x p e r i m e n t a l )  is c o n c e r n e d  w i t h  t h e  K o s s i  c o u n t e r . 
D e t a i l e d  d i s c u s s i o n s  a n d  d e s c r i p t i o n s  c f  t h i s  c o u n t e r  c a n  b e  o b t a i n e d  
i n  t h e  a r t i c l e s  o f  R o s s i  (1^68), O l d e n b u r g  a n d  B o o z  ( 1 9 7 2 ) ,  a n d  H e i n t z  
( 1 9 7 2 ) .
F i g u r e  T h e  c h a r g e d - p a r t i c l e  t r a v e r s a l  a c r o s s  _t h e
s p h e r i c a l  c a v i t y  i n  a g i v e n  d i r e c t i o n  _(case a) 
i s  e q u i v a l e n t  t,o the c a s e  b (H e ^ n t  a . 1 9 7 2 )
(a) A c t u a l  c a s e  ( b ) E q u i v a l e n t  c a s e
U n i f o r m  — 一  — —
p a r a l l e l  — / _____  L
b e a m  o f  _[___   —
c h a r g e d
p a r t i c l e s  _ _
if. 3 . 2 P e r f  o r m e n c e  o f  t h e  H o s s i  C o u n t e r  
4 . 3 . 2 ( A )  E n e r g y  C a l i b r a t i o n s
As m e n t i o n e d  i n  s e c t i o n  ^ . 2 . 2 ,  t h e  p u l s e - h e i g h t  d i s t r i b u t i o n  
o b t a i n e d  f r o m  t he m u l t i c h a n n e 丄 a n a l y s e r  i s  o n l y  a n  i o n i z a t i o n  c p e c t r u m , 
T o  d e t e r m i n e  t h e  c o r r e s p o n d i r ： e n e r g y - I c s ^  d i a t r i b u t i o n  f ( E )  , v/e m u s t  
p e r f o r m  a n  e n e r g y  c a l i b r a t i o n . T h e  c a l i b r a t i o n  a l s o  p r o v i d e s  a m e t h o d  
t o  c h e c k  t h e  c o n s t a n c y  o f  t h e  o p e r a t i o n  c c n d i t i o n  a n d  r e p r o d u c i b i .  1 i t y  
b e f o r e  a n d  a f t e r  e a c h  m e a s u r e m e n t .  T h e r e  a r e  at l e a s t  t h r e e  d i f f e r e n t  
c a l i b r a t i o n  t e c h n i q u e s :
(a) B u i l t - i n  c o l l i m a t e d  a  g o u p c g : A  l o n g  h a l f - l i f e  a n d  (n e a r l y ) 
m o n o e n e r g e t i c  a s o u r c e  i s  b u i l t  i n t o  the c h a m b e r . T h e  b e a m  o f  a  
p a r t i c l e s  is c c l l i n a t e d  t o  h a v e  a w e l l - d e f i n e d  p a t h  i n  t h e  c a v i t y .
F i g . k .6 s h o w s  t h e  s o u r c e  h o l d e r  I c r  o u r  c h a m b e r . T h e  p u l s e  h e i g h t  
d i s t r i b u t i o n  p r o d u c e d  b y  t h e  a  p a r t i c l e  Ghov/3 a p e a k  ( F i g . 蛘 • 7) •
V/e c a n  c a l c u l a t e  t h e  e n e r g y  d e p o s i t e d  o n  t h e i r  p a t h s  i n  t h e  
s e n s i t i v e  v o l u m e  b y  u s i n g  s u i t a b l e  s t o p p i n g  p o w e r  v a l u e s  (B a r k a s  
a n d  B e r g e r  l9〇k； C I d e n b u r g  a n d  B o o z  1.972a; B i c h s e l  1 9 7 ^ )  • A 1 ev/ 
r e m a r k s  m u s t  b e noteci f o r  p r e c i s e  c a l i b r a t i o n :
( i ) T h e  a ~ p a r t i c l e s  c a n  be a b s o r b e d  v e r y  e a s i l y • C r d i n a r y  
s o u r c e s  a l w a y s  n a v e  a t h i n  g o l d  c o a t i n g  so t h a t  t h e  e n e r g y  o f  t h e  
p a r t i c l e s  i s  r e d u c e d .  S u i t a b l e  s t o p p i n g  p o w e r  v a l u e s  m u s t  b e  u s e d  
f o r  t h i s  r e d u c e d  e n e r g y .
(i i ) B e c a u s e  of l a r g e  s t o p p i n g  p o w e r ,  t h e  e n e r g y  o f  t h e  a  
p a r t i c l e  is d e c r e a s i n g  a l o n g  i t s  p a t h . S t o p p i n g  p o w e r  is e n e r g y -  
d e p e n d e n t  a n d  t h u s  c o r r e c t i o n  or  a v e r a g i n g  s h o u l d  b e  m a d e .
(i i i ) C o r r e c t i o n  f o r  e n e r g y -  a n d  p a r t i c l e - t y p e - d e p e n d e n c e  o f




Figure 4*7 Experimental energy deposition and Vavilov
energy loss distributions for a tissue sphere 
1.19 Um in diameter* particles)
The energy resolution is defined as AS/E. 
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T h i s  m e t h o d  o f  c a l i b r a t i o n  i s  p r e d o m i n a n t  f u r  a  Jkossi c o u n t e r ,  
a n d  A m  ( 钵  6 1  y r . , 5 . M  e v ) i s  a l w a y s  u s e d .  T n e  s t o p p i n g  p o w e r  is  
a p p r o x i m a t e l y  3 9 . 7  k e v / j l m  f o r  H  liev a  a n d  2 ]im c a v i t y  ( H e i n t z, 1 9 7 2 ,
P 7 9 ) .
(b ) L o w  e n e r g y  c a l i b r a t i o n  s o u r c e s : M i n i a t u r e  x-ra.y t u b e s  
w e r e  d e v e l o p e d  a n d  p r o v e d  t o  b e  a r e l i a b l e  s o u r c e  o f  m o n o e n e r g e t i c  
p h o t o n s  ( 3 r d o c  1 9 7 〇 ) 。 T h e  e n e r g y  o f  t h e  x - r a y  m u s t  b e  c h o s e n  s u c h  
t h a t  t h e  r a n g e  o f  tile e l e c t r o n  g e n e r a t e d  m u s t  n o t  e x c e e d  t h e  c a v i t y  
s i z e .  T h e  p e a k  i n  t h e  p u l s e  h e i g h t  s p e c t r u m  c o r r e s p o n d s  t c  t n e  
e n e r g y  o f  t n e  p h o t o n .
( c ) P r o t o n  d r o p  p o i n t : T h e  B r a g g  p e a k  i n  t n e  s t o p p i n g  p o w e r  
c u r v e  f o r  a  f i n i t e  t h i c k n e s s  o f  a b s o r b e r  c o r r e s p o n d s  to  t h e  m a x i m u m  
s t o p p i n g  p o w e r  a n d  t h u s  t o  t h e  m a x i n m m  p u l s e  s i z e .  T h e  p r o t o n  d r o p  
p o i n t  ( t h e  p o i n t  o f  i n f l e c t i o n  i n  trie p u l s e  h e i g h t  d i s t r i b u t i o n  of 
n e u t r o n - i n d u c e d  e v e n t s  f F i g . 4 . 3 ) ,  w h i c h  c o r r e s p o n d s  t o  trie B r a g g  
p e a k ,  c a n  b e  u t i l i z e d  f o r  e n e r g y  c a l i b r a t i o n  C B r a c k e n b u s h  a n d  F a u s t  
1 9 7 2 ) .  T h e  p r o t o n  d r o p  p o i n t  a s  a f u n c t i o n  o f  e q u i v a l e n t  t h i c k n e s s  
w a s  d e t e r m i n e d  e x p e r i m e n t a l l y  f o r  T:」 ^ a 〇 b y  G l a s s  a n d  S a m s k y  ( 1 9 6 7 ) •  
T h e  v a l u e  f o r  2 ]i.m t h i c k n e s s  i s  9 3  kev/}!,m (B r a c k e n  b u s h  a n d  F a u s t  
1 9 7 2 ) .  -
. 3• 2 ( B ) E n e r g y  R e s o l u t i o n
W h e n  t h e  c o u n t e r  i s  i r r a d i a t e d  b y  a  c o l l i m a t e d  bean] c f  m o n o -  
e n e r g e 七ic r a d i a t i o n ,  ( e , g . t h e  m o n e n e r ^ e t i c  o: p a r t i c l e s  f r o m  a 
c o l l i m a t e d  b u i l t - i n  a  s o u r c e , t h e  m c n e n e r ^ e t i c  p h o t o n s  f r o m  a  x - r a y  
c a l i b r a t i o n  t u b e  e t c . )  t h e  p u l s e  h e i g h t  d i s t r i b u t i o n  o f  tlie c o u n t e r  
a l w a y s  d i s p l a y s  a  p e a k .  F i g . 杯 .7 i s  a n  e x a m p l e .  T h e  f i g u r e  a l s o
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s h o w s  the t h e o r e t i c a l  V a v i l o v  e n e r g y  loss d i s t r i b u t i o n  ( V a v i l o v  1957)• 
T h e  g o o d  a g r e e m e n t  s u g g e s t s  that  the s p r e a d  of  the p e a k  a r i s e s  m a i n l y  
f r om  the s t a t i s t i c a l  f l u c t u a t i o n s  in the a v a l e n c h e  a n d  the n u m b e r  of 
p r i m a r y  i o n  p a i r s  (the e n e r g y  s t r a g g l i n g ) , on w h i c h  the V a v i l o v  t h e o r y  
is b a s e d .
T h e  e n e r g y  r e s o l u t i o n  is d e f i n e d  as the f u l l  w i d t h  at h a l f  
m a x i m u m  of the p e a k  d e v i d e d  b y  the p e a k  val ue  (Fig. k*7)• The 
r e s o l u t i o n  i n c r e a s e s  as th e c o u n t i n g  ga s  pressui'e d e c r e a s e s  b e c a u s e  
the s t a t i s t i c a l  f l u c t u a t i o n  i n c r e a s e s . H e n c e  the e n e r g y  r e s o l u t i o n  
is p o o r  fo r  the R o s s i  c o u n t e r .  F o r  an  1 }im s p h e r e , the e n e r g y  r e s o -  
l u t i o n  is a b o u t  2 0 - 3 〇 r^» T h e  e n e r g y  r e s o l u t i o n  als o d e p e n d s  on the 
a p p l i e d  v o l t a g e  ( W i l s o n  a n d  F i e l d  1 9 7 〇 ) • In a n e u t r o n  field, the 
p r o t o n  edge (Fig. k.8) in the p u l s e  he ight  d i s t r i b u t i o n  of the c o u n t e r  
o u t p u t  c a n  be u s e d  to fin d the e n e r g y  r e s o l u t i o n  (O l i v e r  et al. 1972).
4•3•2(C ) Gas Multiplication Factor
Th e ga s  m u l t i p l i c a t i o n  f a c t o r  for a H o s s i  c o u n t e r  was m e a s u r e d  
b y  m a n y  p e o p l e  (e .g. S r d o c  1 9 7 〇 ； W i l s o n  and F i e l d  1 9 7 〇 ）• C a m p i o n  
(1971) a n a l y s e d  the r e s u l t  of W i l s o n  and F i e l d  and f o u n d  that e q u a t i o n  
(^+-11) a g r e e d  a p p r o x i m a t e l y  w i t h  the e x p e r i m e n t a l  r e s u l t . The 
c o n s t a n t s  in the e q u a t i o n  for T E  gas w e r e  d e t e r m i n e d  e x p e r i m e n t a l l y . 
C a m p i o n  an d  Kingharn (1971) f o u n d  that A = ： 9 *9  cm  ^ torr 工 a nd  B =
2 1 2  V cm t o r r  for the R o s s i  T S  gas (see A p p e n d i x  A). H o s s i  and 
C o l v e t t  (1972) d e t e r m i n e d  A = 9.8 c n T 1 t o r r -1 a n d  B = 2k0 V c n T 1 torr**1 
f o r  the S r d o c  T E  gas.
73
^ .3 •2 (D) D i s t r i b u t i o n s
I n  m i c r o d c s i m e t r y , ；.ve a r e  c o n c e r n e d  w i t h  s e v e r a l  d i s t r i b u t i o n s *  
W e  s u m m a r i z e s  t h e  d e f i n i t i o n s  as  f o l l o w
(a) P u l s e  h e i g h t  d i s t r i b u t i o n  P ( I )
T h i s  i s  t n e  o u t p u t  o f  t h e  m u l t i c h a n n e l  anal, 
n u m b e r  of  e v e n t s  in c h a n n e l  I ( n a t u r a l  n u m b e r ) a n d  
the i o n i z a t i o n  d i s t r i b u t i o n  c a n  b e  o'
(b ) E n e r g y  loss d i s t r i b u t i o n  f (i)
D e f i n e d  a l r e a d y  in  s e c t i o n  -n  1.
( s e c t i o n  4 . 3 *  2 ( A ) ), we h a v e




obtained in calibration•where k (in kev/ch) is the conversion fact-
This relation holds only if the zero channel represents 
volt. The energy loss distribution is then given by
or
f(E x ) 乙 E工 = P(I) A I
f(E工 ） ：： P(I)/k U -1 7 )
(c) Event size distribution (cr single event spectrum) I1(Y) 
The energy deposition of a charged particle in its
of the gas cavity is called an 
by (Rossi 19〇 8)
The
Y d (Y ir；
size (Y) is defined
(^4-1 6 )
eq
Since N ⑴  AY = f(E) ^ E, 
v;e have
N ( Y ) = d e q f(E) ( U 9 )
7"




(d) Linear energy distribution H(y)
The linear energy y is the deposited energy normalized to the 
mean path-length (see equation 4-1 and Tabie ^.1) in the counter gas 
volume (ICHU 19， 1971). The frequency distribution of y, M (y ), is 
then given by
M (yT ) ~ t~7 P( i) (k-2d)
where y = ~  ( T is the mean path-length) (h - 2 3)
丄 l
and k " 三 4
l
(e) Linear energy transfer distribution t(L)
Defined already in section i^-. 1. Cnee f (S) is found and g i i )  
is known, t(L) can be obtained from, equation (4-1)•,
(f) Differential Cor fractional) absorbed dose distribution of energy 
loss D(E)
The energy absorbed in the gas witnin tile sensitive volume cf 
the proportioral counter with energy loss between £i and E+ di£ is given 
by Ef(E)dE. The raass 〇f the gas involved is 老  U p , where p is the 
gas density. Then from the definition of absorbed dose (section 1.1), 
the fractional dose is
， •
D(E) = — E f(S) ( k - 2 k )
71 d^p
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T h e  t o t a l  a b s o r b e d  d o s e  i s
D = /  D ( E )  d E U - 2 5 )
(g) D i f f e r e n t i a l  ( o r  f r a c t i o n a l )  a b s o r b e d  d o s e  d i s t r i b u t i o n  of 
e v e n t  s i z e  D ( Y )
O b v i o u s l y  if  A Y  = S / d
eq
D ( Y )  ^  Y = D ( £ )  ^  E
T h e r e f o r e  D ( Y )  = d D ( E )  ( V - 2 6 )
eq
= Y N ( Y )  U - 2 7 )
Ti
w h e r e  we  h a v e  u s e d  e q u a t i o n s  (k-12), ( 4 - 1 9 )  a n d (h-Zk). T h e  t o t a l
a b s o r b e d  d o s e  is ( f r o m  e q u a t i o n s  (h-2'L\), (h-2z>) a n d  ( 4 - 2 7 ) )
D = /， D ( Y )  d Y (if-2.3)
(h) D i f f e r e n t i a l  ( o r  f r a c t i o n a l  a b s o r b e d  d o s e  d i s t r i b u t i o n  o f  
L ， D ( L )
R o s s i  ( 1968, P 69) s h o w e d  t h a t  t h e  a b s o r b e d  d o s e  d e l i v e r e d  at 
a n  L E T  b e t w e e n  L  a n d  L + d L  i s  given' b y
b ( L ) i：i L = — ~  t ( L ) d L 
U d l
H e  a l s o  s h o w e d  t h a t
D ⑴ 二 - 夂 | y  N ⑴ - Y 2 4 判
2 冗 ， 1  ^ J Y = L
= —  I y  N ( Y )  - Y 2 I (k~29)
【 J Y = L
w h e r e  r is i n  cm, D( L) i n  r a d s  p e r  u n i t  i n t e r v a l  o f  L, a n d  L in k s v / V  ffi.
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(i) Differential (or fractional) dose equivalent distribution cf 
L, H(L)
From equation (1-13) ，
H(L)  ^ D(L) Q(L)
v/here Q(L) 1g the quality factor for charged particles with linear 
energy transfer L (section 1.3.2), Tae total dose equivalent (H) 
is thus
K =/ H(L) d L “ ~3C)
As mentioned in k , 2 , 2 } the distributions are influenced by 
many factors. Some of them were studied theoretically for the Hessi 
counter: energy straggling (Coppola and booz 1973)  ^ multiple scat­
tering (Coppola and Booz 1973) t detector size and thickness (Coppola, 
et al. 1973).
“•5•2(S ) Particle Discriminations
There are tv;o kinds of discrimination techniques： pulse-height 
discrimination and pulse-snape (rise-time) discrimination for propor­
tional counters (see also Appendix C)•
The pulse-heigiit dig crir：iination is based on the fact that 
charged particles oi different typec and energies have different 
range of LET and thus lose different energies in the counter. For 
the Rossi counter, it is found that the diotributions described in 
the last section do not give any good representation of this fact.
The second moment of the frequency distributions  ^e, g . E f (iJ) vs 
In 3) or LET distribution (i. e. L i3( L) vs In L) etc. , do, however， 
provide distinct regions in each of v/bich the dominant energy
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d e p o s i t i o n  m e c h a n i s m  a r e  d u e  to e l e c t r o n s  ( f r o m  p h o t o n s ), h i g n -  
e n e r g y  p r o t o n s , l o w - e n e r g y  p r o t o n s , a p a r t i c l e s  an.d h e a v y  i o n s  
(C, N ， 0  r e c o i l s  e t c . )  F i g .  k,o s h o w s  s u c h  a d i s t r i b u t i o n .
T h e  d i uS c r i m i n a t i 〇 n of  new t r o n s  a g a i n s t  p h o  t o n s  c a n  b e  
o b t a i n e d  b y  a n  u n f o l d i n g  t e c n n i u u e , F i g . m ,9 s n o w s  s u c h  a m e t h o d  
(iMaier et a l . 1 9 7 4 ;  B i c h s e l  197^) w h i c h  i s  v a l i d  o n l y  w h e n  t h e
6 c
c h o s e n  g a m m a  r a y s  ( Co i n  t h e  f i g u r e ) 1 g s i m i l a r  to t h a t  ir： t h e 
u n k n o w n  m i x e d  f i e l d .
P u l s e - s h a p e  d i s c r i m i n a t i o n  (s e c t i o n  2 . 3 )  w a s  uused s u c c e s s f u l l y  
f o r  a p r o p o r t i o n a l  c o u n t e r .  T h e  p r i n c i p l e  i s  b a s e d  o n  the f a c t  t h a t  
t h e  t r a c k  o f  a h i g h  L E T  c h a r g e d  p a r t i c l e  in  i t s  t r a v e r s a l  o f  t he g a s  
v o l u m e  is s h o r t e r  t h a n  t he  t r a c k  of、 a lev： Li〇T p a r t i c l e . T h e  p u l s e  
r i s e - t i m e  d e p e n d s  on  t h e  s p a t i a l  d i s t r i b u t i o n  c f  t h i s  p r i m a r y  i o n  
p a i r s  a n d  n o t  o n  t h e  t o t a l  n u m b e r . H e n c e  d i f f e r e n t - L E T  p a r t i c l e s  
h a v e  d i f f e r e n t  p u l s e  r i s e - t i m e . T h e  s a m e  s e t  o f  i n s t r u m e n t s  d e s c r i b e d  
i n  s e c t i o n  2 . 3  c a n  b e  u s e d  f o r  t h i s  d i s c r i m i n a t i o n .
F o r  t h e  L S T  c h a m b e r t s u c h  a ' p r i n c i p l e  is c o n t r a r y  to t h e  b a s i c  
a s s u m p t i o n  ( i ) o f  t h e  L E T  a n a l y s i s . In otiner w o r d s ,  a g o o d  i^iCT 
c h a m b e r  d o e s  n o t  h a v e  p u l s e - s h a p e  ( r i s e  t i m e )  d i f f e r e n c e s .  T n i s  m a y  
b e  a m e t h o d  to  j u s t i f y  t h e  a p p l i c a b i l i t y  c f  a Lii；T c h a m b e r .  If we 
a r e  c o n c e r n e d  w i t h  t o t a l  d o s e  o n l y  (e .g . f o r  & m o n o e n e r g e t i c  
n e u t r o n  f i e l d ) ， th e a s s u m p t i o n s  m a d e  f o r  L E T  a n a l y s i s  c a n  be a b a n d e n e d , 
T h e  g a s  p r e s s u r e  in  th e  c h a m b e r  m a y  be l a r g e  53u c h  t h a t  p u l s e  s h a p e  
d i s c r i m i n a t i o n  is s u c c e s s f u l .
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F i g u r e  8 Calculated, a n d  m e a s u r e d  w e i g h t e d  doge d i s t r i b u t i o n ,  
p r o d u c e d  b y  lk*o M e v  n e u t r o n s  i n c i d e n t  u p o n  a 
R o s s i  c o u n t e r  of 2 d i a m et er .  D o m i n a n t  e n e r g y  
d e p o s i t i o n  m e c h a n i s m  is in
R e g i o n
A p h o t o n  i n t e r a c t i o n s
B h i g h  e n e r g y  p r o t o n s
C p r o t o n s  w i t h  e n e r g i e s  0. 1 < T < 1 M e v
D a  p a r t i c l e s  _
S h e a v y  ions  (C, N, C r e c o i l s )
(H e i n t z 1972)
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Figure k ®9 Calculated and measured weighted_dose 
distribution， produced by 3 Mev 
neutrons incident upon a Rossi counter 
of 2 Um diameter (Maier et al. 197 )^
C o t h c ^
■ y W W P J W W B H H i l j r酬I J i l T O M M n i l M f f i M K l t M r a B a s a M a y g a ^ M H m s @ a a a s g e a a m n i« n n ii _ i「 ~m u n i i f T n U f  j| i llffifi i l j i i i i r i i f f ' l i
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Figure li The structure and dimensions of a 
multiwire chamber
8〇
^ . 3 • 2 (F ) T h e  i i e a . s u r e m e n t  of ;,uali t ^  Fc； c t o r s  上k r  N e u t r o n s
工 1’ we irradiate tlie ^ossi counter by a beam cf iTionoener^etic
n e u t r o n s , t h e  t o t a l  d o s e  e q u i v a l e n t  il a n d  t h e  t o t a l  a b s o r b e d  d o s e  L' 
c a n  b e  c a l c u l a t e d  f r o m  t h e  pulrv：e h e i g h t  d i s t r i b u t i o n  o f  tn 0 c o u n t e r  
o u t p u t . T h e  m e t h o d  h a s  a l r e a d y  b e e n  d e s c r i b e d  i n  s e c t i o n  k.3 * 2  ( D), 
T h e  a v e r a g e  q u a l i t y  f a c t o r  o f  t lie m o n o  e n ^ r g e  t i c n e u t r o n s  i s  t r. e n 
g i v e n  b y  e q u a t i o n  (1 . 1 3 ):
H
'd U-31)
Such d e t e r m i n a t i o n  was p e r fo rm e d  and t h e  r e s u l t s  s u b s t a n t i a t e  
t h e  M on te  C a r l o  c a l c u l a t i o n  ( s e c t i o n  1 . 3 . 3 ) f o r  C . 5 to  5 Kev  n e u t r o n s  
( B ra c k e n b u s h  and F a u s t  1 9 7 2 ) •
. 3 .2  (G) Com'osirison o f  E x p e r im e n t a l  Ic e s u i t  s w i t h  T h e o r e t i c a l
C a l c u l a t i o n s
The d i s t r i b u t i o n s  d e s c r i b e d  i n  s e c t i o n  ^ . 3 • 2 ( D ) c a n  b e  c a l c u ­
l a t e d  t h e o r e t i c a l l y .  The c a l c u l a t i o n s  o f  t h e  LET d i s t r i b u t i o n s  a r e  
e a s i e r  t h a n  th e  c a l c u l a t i o n s  o f  o t h e r  d i n t r i b u t i c n s  ( e . g* t h e  e n e rg y  
l o s s  d i s t r i b u t i o n ) .  The m easu rem en t i s  h c v /e v e r , d i f f i c u l t  b ecause  
o f  th e  a s s u m p t io n s  made I n  t h e LET a n a l y s i s . Cn th e  c o n t r a r y , t ne 
e n e rg y  l o s s  d i s t r i b u t i o n s  a re  d i f f i c u l t  to  c a l c u l a t e  b u t  e a sy  tc  
m easu re  ( s e e  s e c t i o n  4 . : 5 . 2 ( D ) ) .
T h e re  a r e  two t y p e s  o f  c a l c u l a t i o n  t e c h n i q u e s : t h e  Mon te  
C a r l o  method ( e . g. Boo z and C oppo la  1973 )  and th e  a n a l y t i c  me th cd  
( e . g . C a s v /e l l  and Coyne 1973 t U e in t  z 1972 ) . The Iv;o n to  C a r lo  method 
u se s  random  p ro c e s s e s  to  s im u l a t e  th e  a c t u a l  i n t e r a c t i o n  p ro c e s s e s  
o f  n e u t r o n s  and n e u t r c n ~ in d u c e d  o r  p i iG to n - in d u c e d  cha rg ed  p a r t i c l e s
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w i t h  t h e  c o u n t e r  w a l l  a n d  g a s . T h e  c o m p a r i s o n  o f  s u c h  c a l c u l a t i o n s  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s  is q u i t s  g c o a . F i g . 4 . 9  s h o w s  o n e  o f
t h e  e x a m p l e s .
F o r  t h e  a n a l y t i c  rrietncd, w e  f i r s t  c a l c u l a t e  t n e  i n i t i a l  
s e c o n d a r y  p a r t i c l e  s p e c t r u m  a n d  t h e n  t h e  e q u i l i b r i u m  c h a r g e d  
p a r t i c l e  s p e c t r u m  (5ee s e c t i o n  1 . 2 . 2  a n d  1 . 2 . 4 ) .  T h e  m e t h o d  a s s u m e s  
t h e  s e c o n d a r y  c h a r g e d  p a r t i c l e s  l o s e  t h e i r  e n e r g y  c o n t i n u o u s l y  (a n d  
a r e  t h u s  s l o w i n g  d o w n  c o n t i n u o u s l y ). T h e  e n e r g y  l o s s  d i s t r i b u t i o n  
i n  t h e  g a s  c a v i t y  c a n  b e  c a l c u l a t e d  ',vitn t h e  e q u i l i b r i u m  s p e c t r u m  
a n d  t h e  s u i t a b l e  s t o p p i n g  pcv/er v a l u e s .  T h e  r e s u l t s  a g r e e  w e l l  w i t h  
t h e  e x p e r i m e n t a l  r e s u l t s . F i g . k *c is  o n e  o f  t h e  e x a m p l e .
k,k T h e  T i s s u e - E q u i v a l e n t  C y l i n d r i c a l  P r o p o r t i o n a l  C o u n t e r
T h e  s t r u c t u r e  o f  t h i s  c o u n t e r  is  s h o w n  i n  F i g . . 10. T h i s  i s
t h e  c o n v e n t i o n  g e o m e t r y  u s e d  in  o t h e r  fi e l d s  o f  r e s e a r c h .  T h e  e n d  
e f f e c t  c a n  b e  e l i m i n a t e d  b y  u s i n g  f i e  Id tubes" a n d  g u a r d  t u b e s . T h e  
p a t h  l e n g t h  d i s t r i b u t i o n  is d e p e n d e n t  on the i r r a d i a t i o n  g e o m e t r y  
a n d  c a n  b e  c a l c u l a t e d  b y  m e a n s  o f  K o n t  e C a r l o  m e t  n o d  (B i r k h o f  f et 3-丄 .
1 9 7 0 ) •
C'nly a  f e w  o f  w o r k s  w e r e  d o n e  r e c e n t l y  f o r  t h i s  c o u n t e r  and 
a c o m p a r i s o n  \vi th t h e  K o s s i  c o u n t e r  w & s  m a d e  ( f o r  g a m m a  r a y s )  i n  
o r d e r  to v e r i f y  t h e  K e l l e r e r 1s s u g g e s t i o n  ( s e c t i o n  ^ . 2. 1 )  ( S r d o c
a n d  IBreyer 1 9 7 C ) .
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Figure k ,10 The tissue-equivalent cylindrical proportional
旧 _i n—■ imi i ■ i_ ■ _i n 1 ■ _i_i_ i i i i ■ ■■i _■ i -  i- i i fn - - ■- -. -     私一• 1 _丨_丨■丨_■ 1 _丨_  ^ ***"^4^ 『~""了
counter• (1) tissur-equivalent plastic;
(2) anode wire, 25 Um stainless steel;
(3) aluminum window, 12 ]im thick; (“) spring 
contact; (5) silicagel. (Srdoc and Breyer 197〇）
k . 5 T h e  T i s s u e - E q u i v a l e n t  M u l t i  v/l r e  P r o p o r t i o n a l  C o u n t e r  
4 . 5 . 1  I n t r o d u c t i o n
T h e  R o s s i  c o u n t e r  is a p p l i c a b l e  in a  l a r g e  r a n g e  01 i n c i d e n t  
p a r t i c l e  t y p e y  a n d  e n e r g i e s ,  a n d  p a r t i c u l a r l y  u s e f u l  in a c c e l e r a t o r  
s i t e s  w h e r e  t h e  p a r t i c l e  s p e c t r a  a r e  u n k n o w n  a n d  c h a n g i n g  frorn t i m e  
t o  t i m e .  U n f o r t u n a t e l y ,  a l t h o u g h  m o s t  01 t h e  p u l s e  i s  d u e  to I c w e r -  
LET p a r t i c l e s ,  a n d  t h e r e  a r e  o n l y  a f e• v of h i g h - L E T  p a r t i c l e s ,  t h e  
c o n t r i b u t i o n  o f  t h e  lat ter to t h e  d o s e  e q u i v a l e n t  i s  i m p o r t a n t  b e c a u s e  
o f  t h e  l a r g e r  q u a l i t y  f a c t o r  1.1.). T h e  m e a s u r e m e n t  m u s t  be
t a k e n  f o r  a l o n g  t i m e  i n  o r d e r  to r e d u c e  s t a t i s t i c a l  e r r o r s . T h i s  
l i m i t s  i t s  a p p l i c a t i o n s  in a c c e l e r a t o r  s i t e s .
W e  t r y  to b u i l d  a L E T - c h a m b e r  wiiic'ii ha.s a  l a r g e r  s e n s i t i v i t y .  
T h e  p r o t o t y p e  is a m u 1 1 i w i r e  p r o p o r t i o n a l  c o u n t e r .  T h e  g a s  c a v i t y  
i s  a t h i n  s l a b . If we  a s s u m e  tiiat a u n i f o r m  b e a m  o f  c h a r g e d  p a r t i c l e s  
i s  i n c i d e n t  n o r m a l l y  c n  t h i s  s l a b , ti.en t h e  p a t h  l e n g t h  d i s t r i b u t i o n  
i s  o b v i o u s l y  a 5 - f u n c t i o n .  F o l l o w i n g  t n e  d e d u c t i o n  m e t h o d  c f  H c s s i
r
( 1 9 6 8 )  o r  s u b s t i t u t i n g  t h i s  p a t h  d i s t r i b u t i o n  i n t o  e q u a t i o n
( 4 - 1 ) ,  w e  c a n  o b t a i n  t he f o l l o w i n g  resuIts:
(i) f U )  = t ( L )  (i+-32)
(ii)
(iii)
.invent size Y deq
Dose distribution (unnor/nalized) 
E f(H)= D(L) 二 A d eq
where A is tne of slab and is the e<




U n f o r t u n a t e l y  t n i s  is n o t  a p r a c t i c a l  c a s e . V；h e n  trie s l a b  is 
i r r a d i a t e d  u n i f o r m l y  b y  a n e u t r o n  be?am, t h e  ( e q u i l i b r i u m )  s e c o n d a r y  
c h a r g e d - p a r t i c l e  d i s t r i b u t i o n  is  a n ^ u  1 ai'-d e p e n d e n t  ( s e c t i o n  ^■•3.1). 
T h e  p a t h  l e n g t h  d i s t r i b u t i o n  i s  rnucji ;nore c o m p l e x  a n d  d e p e n d s  o n  
t h e  i r r a d i a t i o n  g e o m e t r y . T h i s  c a n  o n l y  be c a l c u l a t e d  b y  M o n t e  
C a r l o  m e t h o d s  (B i r k h o f f  et a l . 1 9 7 〇 ). C n  t h e  o t h e r  h a n d , t h e  p a t h  
l e n g t h  d i s t r i b u t i o n  f o r  a n  i n f i n i t e  3 l a b  in a u n i f o r m  i s o t r o p i c  
f i e l d  o f  c h a r g e d  p a r t i  c l e S (a s s u m e d  a l l  c r o s s e r s ) i s  g i v e n  b y  ( T a b l e  
^.1 )
w h e r e  2b is tlie t h i c k n e s s  o f  t h e  sls..b. T h i s  f u n c t i o n  d e c r e a s e s  r a p i d l y  
as l i n c r e a s e s .  T h i s  m e a n s  t h a t  we  c a n  sirnulate a p p r o x i m a t e l y  t h e  
i n f i n i t e  s l a b  b y  a t h i n  f i n i t e  s l a b  v；i t h  l a r g e  s u r f a c e  a r e a .
T h e  d i r e c t i o n - d e p e n d e n t  r e s p o n s e  i s  a f a t a l  d r a w b a c k  w h i c h  
l i m i t s  h e a v i l y  t h e  a p p l i c a b i l i t y  i n  p r a c t i c e .  I f  o n l y  t h e  t o t a l  
t i s s u e  a b s o r b e d  d o s e  is o f  c o n c e r n  .Cthis is t h e  c a s e  w h e r e  a m o n o  - 
e n e r g e t i c  n e u t r o n  f i e l d  is  u s e d ) ,  t h i 〇 l i m i t a t i o n  is i m m a t e r i a l .
In t h i s  c a s e ,  t h e  c h a m b e r  is a d o s i m e t e r  h a v i n g  h i g h  s e n s i t i v i t y .
if. 5 • 2 P r o p e r t i e s  _〇 f t h e  M u l t i w i r e  C o u n t  er
^ . 5 . 2 ( A ) E l e c t r i c a l  P r o p e r t i e s  a n d  P r i n c i p l e  o f  C o e r a t i o n
T h e  8 c h e m a t i c  s t r u c t u r e  o f  a m u l t i w i r e  c o u n t e r  i s  s h o w n  i n  
F i g . ^ . 1 1 .  It c o n s i s t s  of a n u m b e r  o f  p a r a l l e l  a n d  e q u a l l y  s p a c e d  
a n o d e  w i r e s  p l a c e d  b e t w e e n  tv/o p l a n e  c a t h o d e s .
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The electrical potential of an infinite grid of equally 
spaced and infinitely thin wires is(l) (Korse and Fesbach 1953
P123〇)
V(x ,y ) - q In(sin 2 l i x  
s
s i n h ^ s (if-36)
where q is the charge per unit length of the wire. In particular
on the symmetry lines x  ^ C and y = C , the potentials are
V(C,y ) = 2q In sinh s (4.
and V (x ,C ) = 2q In sin rex
s













( k - k c )
Figure 4.12 is a plot, of these fields. Trie field distribution 
varies, to a reasonable approximation, as l/r near the wire and is 
uniform for y > s/2 (Charpak 197〇)•
. f
Typical thickness of anode '"ires are about 2.C |im - ICO um, 
and typical values of s range from 1 mm to 5 For multiwire
counter with such dimensions, the percentage difference of sin Tia
s
and sinh is approximately 童(Ka/S)2 • For trie extreme case2
and s 二 1 mm), sin differs from sinhs
7 ta
(i.e. 2a 二 ICG ]im___— — _ ____ , _ s
only G.8 2；〇. Hence substituting an equipotential at this radius will
not make an appreciable change in tne field distribution (according 
to equations (^ +-37 ) and ( ). ,
( 1 ) Electrostatic unit system (esu) will be adopted here
8 6
q c a n  b e  d e t e r m i n e d  in  t e r m  o f  V, t h e  a p p l i e d  v o l t a g e  
( f r o m  e q u a t i o n  (k~37)) *♦
V ____ ________ ___
q
2 | In  s i n h  ( ~ )  - In r. inh (-^)| 





U s u a l l y  b > s 》 &
H e n c e C
Sinh - m
1
. , "aa s m n  (,-— ) 
s
, Trib lri 1^ ' 
s s _
O b v i o u s l y , C i n c r e a s e s  as  a i n c r e a s e s ,  b 
T a b l e  2 s n o w s  s e m e  ■ of  t h e s e  v a r i a t i o n s
U-42)
U 」 +3)
o r  s i n c r e a s e s .
T a b l e  ^f.2 C a p a c i t a n c e  of  a w i r e  i n  tiie c e n t r a l  w i r e  p l a n e  
vvith respect to t h e  o u t e r  p l a n e  e l e c t r o d e s
u n i  t 1 e n g t n (C ) ( p - / rn) f o r b = 7 mm
s - ) m m
6 .34 
6 .65 






Figure +^*12 Variation^ of electric field around a wire, S - 2 mm, 
L = 8 mm, d = 20 ]im» For 4K volt, the field at the 







Figure k •13 Method of^coupling wires
- (a) _Goupling through^ res^ ist_qr_s 
(Lanza and Hopkins, 1972)
(b) Direct coupling
(Borer et al. 1971)
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In a c y l i n d r i c a l  p r o p o r t i o n a l  c o u n t e r , tile a v a l e n c h e  r e g i o n  
i s  n e a r  t h e  w i r e  ( e q u a t i o n  (k- 3 ) ) •  T h e  e l e c t r i c  f i e l d  d i s t r i b u t i o n  
n e a r  t h e  w i r e s  o f  a m u l t i w i r e  p r o p o r t i o n a l  c o u n t e r  h a s  b e e n  s h o w n  
to v a r y  a s  l / r  ( t h e  f i e l d  d i s t r i b u t i o n  o f  t h e  c y l i n d r i c a l  p r o p o r t i o n a l  
c o u n t e r )  . Vve c a n  t h e n  c o n c l u d e  t h a t  e a c h  w i r e  o f  a m u l t i  w i r e  p r o p o r ­
t i o n a l  c o u n t e r  is w o r k i n g  as a p r o p o r t i o n a l  c o u n t e r  a n d  s h o u l d  h a v e  
n e a r l y  t h e  s a m e  p r o p e r t i e s  as  tlie c y l i n d r i c a l  o n e .
T h e  g a s  r n u l t i p l i c a t i o n  f a c t o r  f e r  a m u l t i w i r e  c o u n t e r  s h o u l d  
h a v e  t h e  s a m e  f o r m u l a  a s  t h e  c y l i n d r i c a l  o n e  ( s e c t i o n  钵 . 2 . 2 )  e x c e p t  
t h a t  t h e  c a p a c i t a n c e  i n  t h e  f o r m u l a  m u s t  b e  t h a t  g i v e n  b y  e q u a t i o n  
( )  . T h e  g a s  m u l t i p l i c a t i o n  f a c t o r  m u s t  b e  u n i f o r m  o v e r  t h e  
a c t i v e  a r e a  o f  t h e  c h a m b e r .  T h e  sys.teiria.bic v a r i a t i o n s , c a u s e d  b y  
i r r e g u l a r i t i e s  i n  t h e  w i r e s  a n d  b y  u n e q u a l  w i r e  s p a c i n g ,  c a n  be a s  
l a r g e  a s  - 20,〇 o r  m o r e . C a r e  m u s t  b e  e x e r c i s e d  i n  t h e  f a b r i c a t i o n  
o f  t h e  c o u n t e r . A  t e c h n i q u e  o f  u s i n g  c o m p e n s a t i n g  v o l t a g e  o n  e a c h  
a n o d e  w i r e  p r o v e d  s u c c e s s f u l  f o r  t h e  u n i f o r m  g a i n 。 （P a r k e r  et
al. 1 9 7 1 )  ^
蚱 • 5 • 2 ( B ) Ef  f e e t  of c o u p l i n g  v/ir es
G h a r p a k  a n d  h i s  c o l l e a o u e s  h a v e  d e v e l o p e d  ( f r o m  1 9 6 8 )  a m u l t i -  
v.dre p r o p o r t i o n a l  c o u n t e r  in  w h i c h  t h e  a n o d e  w i r e s  a r e  a l l  i n d e p e n d e n t  
( e a c h  c o n n e c t s  to a n  i n d i v i d u a l  a m p l i f i e r  e t o .) E x c e l l e n t  p r o p e r t i e s  
a r e  o b t a i n e d  a n d  i m p o r t a n t  a p p l i c a t i o n s  h a v e  b e e n  d o n e  in low, m e d i u m  
a n d  a l s o  h i g h - e n e r g y  n u c l e a r  p h y s i c s  e x p e r i m e n t s . C u r  c h a m b e r  is n o t  
o f  t h e  C h a r p a k  t y p e ; a l l  t h e  w i r e s  a r e  c o n n e c t e d  t o g e t h e r .
T h e r e  a r e  t w o  d i f f e r e n t  w a y s  i n  c o u p l i n g  t h e  w i r e s  (Fig. ^ .13)• 
E x c e p t  f o r  t h e  r e q u i r e d  e l e c t r o n i c s ,  tiieir p e r f o r m a n c e s  a r e  n e t
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different (Lanza and Hopkins 1972). Cur chamber uses direct 
coupling.
M o s t  o f  t h e  p r o p e r t i e s  o f  t h e  G h a r p a k  c h a m b e r  (R i s e - E v a n s  
1 9 7 ^ )  a r e  n o t  d i s t u r b e d  a p p r e c i a b l y  b y  c o u p l i n g  t n e  w i r e s  ( e .g . 
e f f i c i e n c y ,  t i m e  j i t t e r  e t c .). S o m e  d i f f e r e n c e s  w e r e  o b s e r v e d  
( C o h e n  et al. 1 9 7 2 ) :
(a) The pulse height decrease. There are two reasons.
(i) If a negative pulse is obtained on a wire by the develop­
ment of avalanches (an ordinary signal), then positive 
pulses are obtained simultaneously on the neighboring 
wires for any spacing between wires (Gharpak 197〇 i F21^+).
(ii) Since the capacitance per unit length for N wires connected 
becomes
G 二 N C (k-kk).0
w h e r e  G 〇 i s  g i v e n  b y  e q u a t i o n  (-i-- ^ 3 )  f o r  o n e  w i r e  o n l y .
This additional capacitance decreases the pulse height, 
but this effect is not predcminant (Cohen et al. 1972).
(b) The gas multi plication factor increases because of the additional 
capacitance.
( c ) T h e  s e n s i t i v e  v o l u m e  i n c r e a s e s  b y  N t i m e s  a n d  t h u s  t h e  s e n s i ­
t i v i t y  o f  t h e  c o u n t e r  is i m p r o v e d  b y  tIie s a m e  f a c t o r .  H o w e v e r , 
t h e  c o u n t i n g  r a t e  l i m i t  ( d u e  to p u l s e  p i l e - u p  e f f e c t )  d e c r e a s e s  
a l s o  b y  trie s a m e  f a c t o r .
9〇
(d ) Timing properties are improved slightly.
-^.,5.3 Design Criteria and Fabrication 
A-.5 - 3(A ) Structure
The simplified structure '"as given already in Fig. ,“ 11. The 
structure of our prototype chamber is shewn in Fig. 4^.1 ^ .
The cathode plates are made of modified Shonka plastic 
(Appendix A) of about J； mm thickness ’.vhicL can absorb charged 
particles including heavy particle below 16 Mev, and electrons below 
1 Hev (Oldenburg and Eooz, 1972a). Charged-particle equilibrium can 
then be guaranteed in the gas cavity.
The anodes are stainless-steel fine wire of 0.CC2 inches 
diameter. The stainless-steel wires are drawn with exceptional uniformity
氺木十 _
(Parker 1971) • Although fine wire m a y  be considerably smoother than 
that of the normal grade, it seems to have considerably more scores 
when examined under a microscope. An uncertainty in the wire radius 
results in an error in tne gas multiplication factor (section 4.2.2).
The anode wires v/ill repel each otHer v/hile they are attracted 
to the two cathodes, because of b > s and the counterbalance of the 
cathodes, the wires experience mainly the respulsive force from the
* e . g . the jitter in the time intc；rva 1 b etween the passage of the 
incident particle through the chamber and the detection cn the 
wire is improved.
* * Available from the California Fine Wire Co., F .C . Box k k o ,
Grover City, U . . A .
十 See Fig. 戽 *15 for a photograph of the wire.
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(a) The ultra bright stainless steel wire of 
20jim diameter , photomicrograph. (Parker 
et al. 1971) 、
(b) A ordinary stainless steel fine wire 
of 2〇]im diameter , taken by a optical 
microscope (xlOO).




• « ♦ 馨 ®
' High-voltage 
plane (b)
(a) Electrostatically stable signal wires«
(b) Electrostatically unstable wires•
(Schilly et al. 1971t Nucl. Instr. Methods 221)
a d j a c e n t  w i r e s . I f  t h e  t e n s io n  o f  t h e  w i r e s  i s  n o t  s u f f i c i e n t l y
l a r g e , t h e  w i r e  w i 11 be d i s p l a c e d  by t i l e  e l e c t r o s t a t i c  f o r c e s  and
o s c i l l a t i o n  may happen  ( F i g .  4 . 1 6 ) .  T h i s  d i s t u r b a n c e  may ve
s p a r k s  and m os t o f  th e  p r o p o r t i e s  ' _ v i l l  be d i s t o r t e d .  F o r  s t a b l e
o p e r a t i o n , t h e  t e n s i o n  on t h e  w i r e s  m us t be g r e a t e r  t h a n  ( T r i p p e




w he re  G i s  t h e  c a p a c i t a n c e  p e r  u n i t  l e n g t h  o f  one v / i re  o n l y  as g i v e n  
b y  e q u a t i o n  • 〇 f  c o u r s e , t i i e  t e n s i o n  c a n n o t  e xceed  th e  t e n s i l e
s t r e n g t h  o f  t h e  w i r e .  The  t e n s i l e  s t r e n g t h  o f  a. s t a i n l e s s - s t e e l  v / i r e  
i s  c o m p a ra b ly  l a r g e r  t h a n  o r d i n a r y  w i r e s . F o r  t h e  v；ir  e used  i n  c u r  
c h a m b e r , t h e  t e n s i l e  s t r e n g t h  was e x p e r i m e n t a l l y  d e t e rm in e d  to  be 
a b o u t  150 gm-wt a n d , l o r  3C.CC v o l t s ,  。 二 C . 6 grn ；v t  ； a t  e n s io n  o f  
kC gm-wt was a p p l i e d .
G ua rd  s t r i p s  w e re  p la c e d  n e a r  t h e  w i r e  p la n e s  to  e l i m i n a t e  end 
e f f e c t s .  The s e n s i t i v e  vo lum e  i t h e n  w e l l - d e f i n e d .  A n o t h e r  a d v a n ­
ta g e  o f  —u s in g  g u a rd  s t r i p s  i s  to  p ru tc-c t t i i e  anode w i r e s  a g a i r i s t  
a c c i d e n t a l  b re a kd ow n  by c o l l e c t i n g  t h e  s u r f a c e  le a k a g e  c u r r e n t s  
( C h a rp a k  e t  a l . 1 97〇 ) •
To a v o id  to o  h i g h  g r a d i e n t  o f  t h e  e l e c t r i c  f i e l d  n e a r  t h e  
p e r im e t e r  o f  t i i e  gas c a v i t y ,  s u c c e s s i v e l y  t h i c k e r  w i r e s ， c a l l e d  g u a rd  
w i r e s , a r e  u s u a l l y  used  f o r  t h e  l a s t  few  w i r e s .  C h a rp a k  e t  a l .  ( 1 9 7 0 )  
p ro p o s e d  t h a t  th e  b e s t  s o l u t i o n  i s  p r o b a b l y  to  have  th e  l a s t  w i r e  
com ing  c lo s e  to  a f l a t  m e t a l  s t r i p , w h ic h  c o u ld  be a p r i n t e d  c i r c u i t  
b o a rd  i n  t h e  medium p la n e  o f  t h e  f r a m e . Ve a d op ted  t n . i〇 method f o r
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o u r  c o u n t e r . T h e  a. no de c i r c u i t  b o a r d , w h i c h  is a p l a t e  o i" f i b e r ­
g l a s s  w i t h  a t h i n  l a y e r  o f  c o p p e r , e x t - n d e d  a l o n g  t h e  w h o l e  p e r i m e t e r .  
T h e  g u a r d  s t r i p s  w e r e  a l s o  e x t e n d e d  b y  t h e  s a m e  wa y.  ( F i g *  ^ •2 〇 )
5 - 3 ( B )  G a s - S u p p l y  S y s t e m
H o s s i  T S  g a s  ( A p p e n d i x  A) w a s  u s e d  a s  t h e  c o u n t i n g  g a s  a s  
w e l l  a s  i n t e r a c t i n g  m e d i u m . T h e  g a s  m u s t  b e  v e r y  p u r e  a n d  a t  a 
f i x e d  o p e r a t i o n  p r e s s u r e . A  s m a l l  c h a n g e  i n  t h e  c o n c e n t r a t i o n  of 
h y d r o g e n  m a y  c a u s e  a p p r e c i a b l e  e r r o r s  ( f o r  m e d i u m  e n e r g y  n e u t r o n ).
O n  t h e  o t h e r  h a n d ,  s t r o n g  e l e c t r o n e g a t i v e  g a s e s  s u e h  a s  w a t e r  v a p o r  
a n d  o x y g e n  m u s t  b e  a v o i d e d  b e c a u s e  t h e y  w i l l  d i s t o r t  f a t a l l y  t h e 
o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  a  p r o p o r t i o n a l  c o u n t e r . U n f o r t u n a ­
t e l y  l o s s  of  p u r i t y  r e s u l t s  f r o m  t h e  o u t g a s s i n g  ( m a i n l y  w a t e r  v a p o r  
a n d  o x y g e n )  o f  t h e  T £  p l a s t i c ,  i n s u l a t o r  e t c .  T S  g a s  i s  
a b s o r b e d  s l o w l y  b y  t h e  p l a s t i c  a n d  g a s e s  c a n  a l s o  d i f f u s e  t h r o u g n  
t h e  p l a s t i c . T h e s e  r e s u l t  in  s l o w  v a r i a t i o n  o f  t h e  c o m p o s i t i o n' r
a n d  t h e  p r e s s u r e  o f  the T £  g a s  ( B a u m  et a l. 1969)*
F o r  r e p r o d u c i b i l i t y  a n d  g o o d  r e s o l u t i o n ,  g a s  p u r i t y  i s  
e s s e n t i a l . T h e  T S  p l a s t i c  i s  h o w e v e r , v e r y  d i f f i c u l t  to be 
o u t g a s s e d  (p u m p e d  d o w n  to  a v a c u u m  at a t e m p e r a t u r e  o f  a b o u t  7Ci〇 C). 
U s u a l l y  i t  t a k e s  f o r  at l e a s t  a f e w  d a y s . B a u m  et al. (1969) 
s t u d i e d  t h e  f a c t o r s  w h i c h  m a y  a f f e c t  t h e c h a r a c t e r i s t i c s  o f  a 
s e a l e d  R o s s i  c o u n t e r  a n d  c o n c l u d e d  t h a t  v;ater v a p o r  is t h e m o s t  
i m p o r t a n t  f a c t o r .  A s u i t a b l e  d e s i c c a n t  s u c h  as P C 「 c a n  r e d u c e  
t h e  u n d e s i r a b l e  e f f e c t s  to a n  a c c e p t a b l e  l e v e l .
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Figure . 17 The gas _ri and ling system
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F o r  o u r  e x p e r i m e n t s , a s t e a d y  f l o w  o f  T E  g a s  p a s s i n g  
t h r o u g h  a s t r o n g  d e s i c c a n t  w a s  u s e d  to m a i n t a i n  t h e  g a s  p u r i t y .
T h e  g a s  h a n d l i n g  s y s t e m  i s  s h o w n  i n  F i g .  k .17• T h e  d e t a i l  i s  
d e s c r i b e d  b e l o w .
G a s  m a n i f o l d s  a l o n g  the e d g e s  o n  t w o  o p p o s i t e  s i d e s  o f  t h e  
c a v i t y  w e r e  u s e d  to p r o v i d e  a u n i f o r m  f l o w  o f  T E  g a s  in t h e  c o u n t e r . 
T h e  w h o l e  c o u n t e r  w a s  p l a c e d  i n s i d e  a  v a c u u m  v e s s e l  b e c a u s e  t h e  
l a r g e  b u t  t h i n  T E  p l a s t i c  c a n  n o t  w i t h s t a n d  t h e p r e s s u r e  d i f f e r e n c e  
b e t w e e n  t h e  c o u n t i n g ； g a s  a n d  t h e  a t m o s p h e r e . T h e  v a c u u m  v e s s e l  
w a s  m a d e  o f  a l u m i n u m  s h e e t s  o f  t h i c k n e s s  g r e a t e r  t h a n  5 雌  w h i c h  
w e r e  j o i n t e d  b y  s o l d e r i n g .
P r e s s u r e  a n d  th e f l o w  r a t e  w e r e  c o n t r o l l e d  s a t i s f a c t o r i l y  
b y  m e a n s  o f  t w o  n e e d l e  v a l v e s . C o p p e r  t u b e s  a r e  p r e f e r r e d  f o r  th e 
c o n n e c t i o n  i n  t h e  g a s  h a n d l i n g  s y s t e m  b e c a u s e  t he o u t g a s s i n g  o f  a 
b a k e d  c o p p e r  t u b e  is' v e r y  s m a l l . F o r  o u r  p r e l i m i n a r y  e x p e r i m e n t s , 
r u b b e r  t u b i n g s  ( f o r  v a c u u m  s y s t e m  c o n n e c t i o n )  w e r e  u s e d  f o r  
c o n v e n i e n c e .
^+.5.3(0) F a b r i c a t i o n  a n d  C l e a n i n g
F i b e r - g l a s s  s h e e t s ,  T E  p l a s t i c , t e f l o n  s h e e t s , g u a r d  s t r i p s  
a n d  f i b e r - g l a s s  c i r c u i t  b o a r d  w e r e  〇 .lued s u c c e s s i v e l y  to th e  
a l u m i n u m  f l a m e s  b y  A r a d i t e . T h e  s t a i n l e s s - s t e e l  w i r e s  w e r e  t h e n  
s o l d e r e d  to t h e  c i r c u i t  b o a r d  (Fi g. k . 1 S ). L o w  t e m p e r a t u r e  s o l d e r  
(6 〇 S n - 4 C F b )  w a s  u s e d  to r e d u c e  t h e  d a n g e r  o f  l o o s e n i n g  of t h e  
w i r e  ( C h a r p a k  et al. 1 9 7 l ) . F l u x  f o r  s t a i n l e s s - s t e e l  w a s  m a d e  
a c c o r d i n g  t o  t h e  f o r m u l a :  h y d r o c h l o r i c  a c i d  s a t u r a t e d  w i t h
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Figure ■^•18 The" soldering configuration
s m a l l  p i e c e s  o f  z i n c  u n t i l  b u b b l i n g  c e a s e s . P r e c i s i o n  g r o o v e s  
w e r e  m i l l e d  u p o n  t h e  b o a r d  to d e f i n e  a c c u r a t e l y  t h e  w i r e  s p a c i n g .
(T h e  e r r o r  i n  g a s  g a i n  a r i s i n g  f r o m  七 h e  u n c e r t a i n t y  o f  t h e  s p a c i n g  
c a n  b e  e s t i m a t e d  b y  m e a n s  o f  e q u a t i o n  (4-8)). T h e  e n d s  o f  t h e  w i r e s  
v/ere f u r t h e r  f i x e d  b y  a d r o p  o f  Aracli t e . C a r e  h a d  to be e xe rc i s e d ,  
t o  a v o i d  s p r i n k l i n g  o f  s o l d e r  a n d  f l u x  o n  t h e  w i r e s .  S p a r k s  a n d  
b r e a k d o w n  c o u l d  h a p p e n  b e c a u s e  o f  th e l o c a l l y  r e i n f o r c e d  c o n d u c ­
t i v i t y  . A p a p e r  s c r e e n  m a y  b e  h e l p f u l .
M o s t  p e o p l e  m a k i n g  mul t i v / i r e  p r o p o r t i o n a l  c o u n t e r s  h a v e
*U 气
p o i n t e d  o u t  t h e  i m p o r t a n c e  o f  c l e a n i n g  t n e  c h a m b e r s  b e f o r e  a s s e m b l y  
( e . g . Ciiarpak et a l . 1 9 7 1 )  • D u s t  o r  a t h i n  f i l m  o f  g r e a s e  o n  a. 
w i r e  m a y  a l s o  c a u s e  b r e a k d o w n .  C a r e f u l  c l e a n i n g  c a n  e x t e n d  t h e  
u p p e r  l i m i t  o f  t he  h i g h  v o l t a g e  p l a t e a u  ( L a n z a  a n d  H o p k i n s  1972). 
B e f o r e  s o l d e r i n g , t h e  c h a m b e r  w a s  w a s h e d  w i t h  d e t e r g e n t ,  t h e n  
d e i o n i z e d  w a t e r  f o r  ' s e v e r a l  t i m e s  a n d  f i n a l l y  w i p e d  w i t h  a l c o h o l . 
A f t e r  s o l d e r i n g , t h e  w i r e s  w e r e  c l e a n e d  s u c c e s s i v e l y  b y  a m y l a c e t a t e  
( d e g r e a s i n g ), e t h y l  a l c o h o l  (r e s o l v i n g  m o s t  o f  the^ d u s t ), a n d  t h e n  
e t h e r . T h i s  t r e a t m e n t  p r o v e d  s a t i s f a c t o r y  a c c o r d i n g  to m a n y  
g r o u p s  o f  r e s e a r c h .  S o m e  s m a l l  d u s t  c a n  b e  b l o w n  a w a y  g e n t l y  b y  
a j e t  of  n i t r o g e n  g a s . O n c e  c l e a n i n g  h a d  b e e n  f i n i s h e d ,  t h e t w o  
h a l v e s  of t h e  c h a m b e r  w e r e  q u i c k l y  j o i n t e d  b y  n y l o n  s c r e w s .
T h e  w h o l e  c h a m b e r  w a s  t h e n  f i x e d  i n  trie v a c u u m  v e s s e l  b y  s c r e w s .  
E l e c t r i c a l  c o n n e c t i o n s  v/ere m a d e  t h r o u g h  h i g h - v o l t a g e  c o n n e c t o r s . 
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4 . 5 〇3 ( D )  E l e c t r o n i c s
T h e r e  is b a s i c a l l y  no  d i f f e r e n c e  w h e t h e r  p o s i t i v e  h i g h  
v o l t a g e  is (a f t e r  s o m e  n o i s e  f i l t e r i n g  c i r c u i t s )  p ut  on the a n o d e  
or n e g a t i v e  h i g h  v o l t a g e  on the c a t h o d e s . T h e  latfer is, h o w e v e r , 
p r e f e r r e d  f o r  s o m e  a r r a n g e m e n t s  (K a d e k a  1968).
F o r  o ur  c h a m b e r ,  b e c a u s e  o f  s a f e t y  p o s i t i v e  h i g h  v o l t a g e  is 
f e d  t h r o u g h  a p r o t e c t i o n  r e s i s t o r  a n d  a c a p a c i t i v e  f i l t e r  to t he 
a n o d e  w i r e s  (Fig. ^ .19)• T h i s  r e s i s t o r  c a n  p r e v e n t  the h i g h  
v o l t a g e  p o w e r  s u p p l y  f r o m  a c c i d e n t a l  d a m a g e  (e .g . a b r o k e n  wire* 
t o u c h e s  t he  c a t h o d e ). T he g u a r d  s t r i p s  a r e  at t he  s a m e  p o t e n t i a l  
of the a n o d e . B e t t e r  e l i m i n a t i o n  o f  end e f f e c t  c a n  b e  o b t a i n e d  
w h e n  the g u a r d  s t r i p s  a r e  at a s u i t a b l e  p o t e n t i a l  (C o c k r o f t  a n d  
C u r r a n  1 9 5 1 ) •  The a n o d e  w i r e s  a r e  a l l  c o n n e c t e d  t h r o u g h  a h i g h -  
v o l t a g e  c o n n e c t o r  to a F E T  c h a r g e - s e n s i t i v e  p r e a m p l i f i e r  (C a n b e r r a  
p r o p o r t i o n a l  c o u n t e r  p r e a m p l i f i e r ,  m o d e l  l A 〇 6)» S h o r t e s t  p o s s i b l e  
c o n n e c t i o n  w a s  u s e d  to m i n i m i z e  t he  i n p u t  cajracitance a n d  t hu s  
r e d u c e  s t r a y  n o i s e  a n d  o b t a i n  l a r g e r  p u l s e s . D i r e c t l y  c o u p l i n g  
t h e w i r e s  to the p r e a m p l i f i e r  i n p u t  r e s u l t s  in a s i g n i f i c a n t  
d e c r e a s e  in c a p a c i t a n c e  (R a d e k a  1968).
T h e  p r o p o r t i o n a l  c o u n t e r  m a y  a l s o  h a v e  s p u r i o u s  p u l s e s .
T h e  m e c h a n i s m  and the time d i s t r i b u t i o n  c f s u c h  s p u r i o u s  p u l s e s  
(f o r  T E  g a s  o f  d i f f e r e n t  p r e s s u r e )  w e r e  r e v i e w e d  b y  C a m p i o n
(1973).
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邙 •6 D i s c u s s i o n
T h e  s p h e r i c a l  c a v i t y  is t h e  s i m p l e s t  g e o m e t r y  i n  b o t h  
t h e o r i e s  a n d  e x p e r i m e n t s . T h e  f a m o u s  R o s s i  c o u n t e r  h a s  b e e n  
s t u d i e d  i n  d e t a i l s  b y  m a n y  p e o p l e . E x p e r i m e n t s  a g r e e  w i t h  
t h e o r e t i c a l  c a l c u l a t i o n s .
T h e  t h e o r e t i c a l  s t u d i e s  a n d  t h e  a n a l y s i s  o f  t h e  e x p e r i ­
m e n t a l  r e s u l t s  f o r  a m u l t i w i r e  p r o p o r t i o n a l  c o u n t e r  a r e  d i f f i c u l t  
b e c a u s e  o f  t he a n i s o t r o p i c  g e o m e t r y .  T h e  c o n s 七 r u c t i o n  o f  t h e  、 
c h a m b e r  s h o u l d  n o t  b e  a p r o b l e m  s i n c e  t h e G h a r p a k  C h a m b e r  i s  
p o p u l a r  i n  p a r t i c l e  p h y s i c s  e x p e r i m e n t s . C u r  T S  m u l t i w i r e  
p r o p o r t i o n a l  c o u n t e r  w a s  t e s t e d  a n d  t h e  s t u d i e s  o f  t h e  p e r f o r m a n c e  
o f  t h e  c o u n t e r  a r e  in p r o g r e s s .
l〇i+
APPENDIX (A)
Tissue-equivalent materials for neutron dosimetry
Material
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Remarks
% cf body weight
Reference
NBS-62 (1956)*
C 5 H “〇 C l 8 N
Densi t.y=l9 〇7 gm/cc 
Conducting (resis­
tivity  ^ 5xlC^Q/cm) 
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Rossi (1956)+
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APPENDIX____(B).
Do si mrj try o f 八 m -'B c N outre n Source
D-T neut.rc:ns (section 2.2) are the most suitable calibration
source for most health physics instrumentg . On the contrary, other
reactor- and acce1eratcr~produced neutrons are impractical (Kathren?
197 丨3) • Sealed radionuclide sources (especially t h e 〕Be(〇c，n) sources)
are the only method of ob'caining a suit-sbl e flux if the D-T neutrons
are not available. 3ecauc;e of 1 c n ^  half-life, hir;h specific activity
(neutron yield per unit ^rara cf a source) and nc contaminatic-n problem,
A m ^ ( p r o v i d i n g  a particles)-Be^ n convenient neutron source for
most purpose (Caswell, The r;eutron yield is approximately
2.2 x 1C6 n/eec per Ci. (ICPP, 197 D *
The spectral, features are, hoivever, dependent on the source
construction and especially on t.be r,articulai- size of tne AmC 〇 and
Be powder boc^us e this will strongly influence the diGtribution cf
a energy (Van JJer Zivan, V j G Q ). The average energy of neutrens is
approximately h . 1 Mev (IGI<P, 197 1 ) *' The fluence-tc~kerrna and
f 1 uence~to-dc；-；e ecuivalent convoi^sion f^ctcrc 3re appreximately
3*72 x 1C y rad/n-cm 一 and ；z. 7 9 x 1C  ^ r c;:! .. (Mel：ta and BurrnisT
1969). The average quality fnetor is thus about 1C. Gamma
ir 1contamination arises frem the decay cf (mainly below 6.C k e v ).
~ U
It was detected tc have 10 ' lew energy gamma per no'utron by means of a 
Hurst proportional counter with pu I53 e-* shape discriminat ion ( Si e verc 
and Zill, 19^2; . The a^mrria rays can be reduced to a negligible 
intensity by a 3 mn； lead shield around the source (Geiger and 
Hargrove 1964).
1C 8
Our Am-Bo neutron source (manufactured by Podiocherr：ical 
Centre) output was 2.7 x 1C n/s e c. 「「he s r-c trum 〇 f the Arri- ： ： 0 
neutrons was measured by the liquid i ] latiou spec! remoter
incorporated with a pulse-shnpo a n n l ' y s y s t e n ; .  The ror；.i.) 11 
(Fig. B . 1) wrts fouiid to be similar to tii”t publi shed by Lor'ch
• Q 一广.
(1973) • The conversion factor was found to be h . C ? x 10 ' rem/n-ern 匕 
which differs from the re cult of liehta and Burrms (19^9) by 6 ,么
4
UiuAi *WS. Ml '* »i
a
乂  1  
10
Neutron E r; o r q y { M o V )
Figure B1 Arn-Be r^utron」j > l r n  iM
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APPSMDIX (G)
D i s c r i m i n a t i o n 'am^a_jpa vs
M os t o f  t h e  n e u t r o n  s o u rc e s  nccompany i n t e n s e  gamma-rays o r  
x - r a y s . Cn t h e  o t h e r  hand ,  t h  e i n t e r a c t i o n  o f  n e u t r o n s  w i t h  t i  s ? u & 
r e s u l t s  i n  a d i s t r i b u t i o n  o f  c h a rg e d  p a r t i c l e s  o f  d i f f e r e n t  t y p e s  
and e n e r g i e s  ( i n c l u d i n g  gam m a- ra ys ) ( s e e  s e c t i o n  1 , 2 , 1 ) .  T h e r e f o r e , 
we a lw a y s  d e a l  w i t h  m ixe d  r a d i a t i o n  f i e l d s  even i n  n e u t r o n  d o s im e t r y . 
F o r  a d i s c u s s i o n  on t h e  do s i  me t r y  o f  n：i  xed r a d i a t i o n ,  f i e l d s ,  t h e  
a r t i c l e  〇 f  ；" i  c h s e l  e t  a l . ( 1 9 7 5 )  i s  recom m ended .
The d iG c r i r n i n a t i o r :  a g a i n s t  gamma r a y s  i s  im p o r t a n t  i n  d o s im e t r y ,  
s im p l y  b ec au se  t h e  q u a l i t y  f a c t o r  f o r  ：Tanr^a r a y s  ( o r  x - r a y s ) i s  s m a l l e r  
t h a n  t h a t  o f  h e a v y  pa r t  i  c l e  s by  a. f a c t o r  o f  a b o u t  1C. T h e re  a r e  many 
d i s c r i m i n a t i o n  t  e c h n iq u e s  . S o n\ e o f  t h e ”！ a r e  d esc r i b  ed b e lo w  :
( 1 )  P u l s e - h e ig h t  d i s c r i m i n a t i o n  ~ because  o f  s m a l l e r  LET, t h e  
s i z e  o f  gamma- induced p u l s e s  f ro m  a n ou t r o n  p r o p o r t  i o n a l  c o u n t e r  i  s 
a lw a y s  s m a l l e r  t h a n  t h a t  c f  h e a v y ~ c h a r r - d - p a r t i c l e - i n d u c e d  p u l s e s .
( ? )  F'u lse-shn.oe d i r i r n i n a t i  on - A l r e a d y  d e s c r ib e d  i n  s e c t i o n  
2 .2  and U .  2 ( E )  •
( 7))  T w in  d e v ic e s  - Two d e t^ c  t e r n  a r e  u sed ;  one i s  s e n s i t i v e  
to  n e u t r o n s  o n l y  c r  to  b o th  n e u t r o n s  an.3 gamma-rays, and 七 he o t h e r  
o n l y  ( c r  m a i n l y )  t o  R；arvima~rays.
E xa m p le s  fc 'r th e s e  ,tr；e th o d  a r e  ^1 ven  i n  th e  f o l l o w i n g  t a b l e .
11C
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A p p e n d i x  D
E r r o r  A n a l y s i s  f or  C h a p t e r  3■ »n ii iiiai'. .11    ^KJ - -  ---------------------------------丄-    -»
1. T h e  e r r o r s  i n  n u c l e a r  c o n s t a n t s  a r e  v e r y  s m a l l  c o m p a r e d  w i t h  
t h at  o f  c r o s s - s e c t i o n .
2. T h e  e r r o r  in the  d e t e r m i n a t i o n  of the f u l l  e n e r g y  p e a k  a r e a  
is g i v e n  b y  ( Q u i t t n e r  1 9 7 2 )
厶 N = B  + N
2 X 1 — 3
B ( D - l )
3* T h e  e r r o r  in  t h e  m e a s u r e m e n t  o f  i n t r i n s i c  p e a k  e f f i c i e n c y
Ae / e  :
P P
F r o m  t he  p r o p a g a t i o n  o f  e r r o r s  a n d  e q u a t i o n  ( 3 - 1 ) i
, A N、2 W AQ、2 W AA、2 
( 1 )  + 石 ） 十 （1 )
w h e r e  A N / N  < 0 . 5 %  ,
A Q / Q  = 2 d r / r  = 1 . 3 %  i ( dr c： 0 * 2  m m  a n d  r = 3 cm
A is the a c t i v i t y  o f  the s t a n d a r d  s o u r c e .







5 7 Co k . k %
. !










| 1.9% Z . k °/〇
F o r  t h e  l a t t e r  c a l c u l a t i o n ,  an  a v e r a g e  v a l u e ， k*3°/〇 is u s e d .  
T h e e r r o r  i n  the c a l c u l a t i o n  of the a p p a r e n t  n e u t r o n  f l u x  
d e n s i t y :
F r o m  e q u a t i o n s  (5~2) - ( 3 - 蚱 ） ，
A a / a  is  o b t a i n e d  f r o m  the d a t a  g i v e n  in T a b l e  3.1.
A N / N  is c a l c u l a t e d  b y  e q u a t i o n  ( D - l ) .
Ae / e  is  h-3%- 
P P
A Q / Q  is 1.3% .
T h e  c a l c u l a t e d  e r r o r  for e a c h  t h r e s h o l d  d e t e c t o r  is s h o w n  
in Fi g .  3•8.
T h e  e r r o r  i n  t h e  d i f f e r e n t i a l  n e u t r o n  f l u x  d e n s i t y :
S i n c e  the e r r o r  a n a l y s i s  r e l a t i n g  to an i n t e g r a l  is v e r y  
d i f f i c u l t  a n d  t h e  d i f f e r e n t i a l  f l u x  d e n s i t y  a nd  c r o s s -
七 lie
s e c t i o n  v a l u e s  a r e  n o t  i n d e p e n d e n t  v a r i a b l e s  i n  e n e r g y » "
s i m p l e  f o r m u l a  f o r  the p r o p a g a t i o n 'of  e r r o r s  c a n n o t  b e  uS
W e  t h u s  e s t i m a t e  t h e  e r r o r  b y  u s i n g  t o t a l  n e u t r o n  f l u x  
(1^ M e v )  a s  c a l c u l a t e d  i n  the  l a s t  s e c t i o n .
T h e  e r r o r  i n  t h e  d o s e  e q u i v a l e n t  r a t e :
B e c a u s e  is n e a r l y  c o n s t a n t  (Fig. 1 . 3 ) ， we h a v e
• r l a
H = ----—  + b a c k g r o u n d
• d
e
v/here F, is t he t o t a l  f l u x  d e n s i t y  m e a s u r e d  at a n  i r r a d i ­
a t i o n  d i s t a n c e  r^.
T h e  b a c k g r o u n d  is (5* 0  - 0 . 3 )  x  10 
(T h e  er r o r ,  6*6%, is d u e  to the  f l u x  density)
T h e  e r r o r  f o r  the d o s e  e q u i v a l e n t  r a t e  is
(号 )
1^
A 2 2 A r  2
(— — ) = 6  • 8%
w h e r e  A CF^/ = 6. 6%, A r ^  0 .5  = 6 . 6  cm.
S o  we e s t i m a t e  an e r r o r  of  6 , 8% f o r  H.
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